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Soft tissue sarcomas are rare mesenchymal tumours accounting for 1% of adult 
malignancies and are fatal in approximately one third of patients. One of the most 
aggressive and lethal subtypes of soft tissue sarcomas are angiosarcomas. 
Angiosarcomas are rare malignancies of endothelial differentiation that account for 
approximately 1% of all soft tissue sarcomas. They are clinically aggressive and highly 
metastatic and they show a wide anatomic distribution. Treatment options are limited 
and the prognosis is poor. Therefore, novel targeted treatments are needed for the 
improvement of the survival of these patients. A prerequisite for this is a better 
understanding of the biological mechanisms underlying this tumour type and to define 
the spectrum of genetic alterations that cooperate to cause the formation of these 
tumours.  
 
The aim of this study was to employ a lentiviral gene regulatory system (MuLE system) 
to generate in vitro and in vivo models that reflect the molecular alterations of human 
angiosarcoma and to use them for the testing of molecularly-targeted therapies. Mice 
were systemically injected with MuLE lentiviruses expressing combinations of shRNA 
against Cdkn2a, Trp53, Tsc2 and Pten with or without expression of H-Ras, PIK3CA 
and c-Myc. The systemic injection of an ecotropic lentivirus expressing oncogenic H-
Ras together with the knockdown of Cdkn2a or Trp53 was sufficient to initiate the 
development of angiosarcoma and/or undifferentiated pleomorphic sarcoma, another 
aggressive soft tissue sarcoma subtype. None of the other genetic combinations were 
sufficient to induce tumour formation. Unexpectedly, different mouse strains developed 
different types of sarcoma in response to identical genetic drivers, implicating genetic 
background as a major contributor to the genesis and spectrum of sarcomas.  
 
To investigate the effect of the induction of oncogene and tumour suppressor 
expression in vitro, primary murine endothelial cells from the spleen were infected with 
lentiviruses expressing the aforementioned combinations. These genetically defined 
cell lines were then used for the testing of the therapeutic effects of a panel of kinase 
inhibitors. The initial screen revealed that cells expressing oncogenic H-Ras together 
with the knockdown of Cdkn2a are more sensitive to PI3K/mTOR pathway inhibitors 
as well as CHK1 pathway inhibitors. However, more detailed drug-response analyses 
	 II 
revealed that there was no clear tendency for the cells with H-Ras and Cdkn2a gene 
alterations to be more sensitive to the inhibitors than those with wild type genes.  
 
The in vivo testing of the MEK inhibitor AZD6244 and the dual PI3K/mTOR inhibitor 
NVP-BEZ235 showed no differences between vehicle and inhibitor-treated animals. 
We conclude that these therapeutic regimes are not likely to be suitable for the 
treatment of Ras-driven human angiosarcomas. 
 
In summary, our experiments show that the MuLE system can be used to establish 






Weichteilsarkome sind seltene mesenchymale Neoplasien, die 1% aller bösartigen 
Tumore im Erwachsenenalter ausmachen und bei circa einem Drittel der Patienten 
tödlich verlaufen. Ein aggressiver und häufig lethal verlaufender Subtyp des 
Weichteilsarkoms ist das Angiosarkom, welches sich durch seine endotheliale 
Differenzierung auszeichnet und ungefähr 1% aller Weichteilsarkome repräsentiert. 
Angiosarkome können am ganzen Körper beobachtet werden. Durch den häufig 
fodrouyanten klinischen Verlauf und die hohe Metastasierungsrate, sind 
Angiosarkome nur schwer behandelbar. Die 5-Jahres-Überlebensrate liegt bei 10-
12%. Die zurzeit vorliegenden Therapieformen haben keinen wesentlichen Einfluss 
auf die Überlebensrate. Demzufolge, werden neue zielgerichtete molekulare 
Therapien dringend benötigt. Voraussetzung dafür ist ein besseres Verständnis der 
dem Angiosarkom unterliegenden molekularen Mechanismen und die genaue 
Bestimmung der genetischen Veränderungen, die zu der Entstehung dieser Tumorart 
führen.  
 
Ziel dieser Doktorarbeit war es, mit Hilfe eines lentiviralen genregulatorischen Systems 
(MuLE System) in vitro und in vivo Modelle zu generieren, welche die molekularen 
Veränderungen des humanen Angiosarkoms widerspiegeln. Diese Modelle sollten 
anschließend für das Testen zielgerichteter molekularer Therapien verwendet werden.  
Dafür wurden Mäuse systemisch mit MuLE Lentiviren, welche Kombinationen von 
shRNAs gegen Cdkn2a, Trp53, Tsc2 und Pten alleine oder zusammen mit der 
Exprimierung von H-Ras, PIK3CA und c-Myc enthalten, injiziert. Die systemische 
Injektion ecotropher, oncogener H-Ras und shCdkn2a oder shTrp53-exprimierender 
Lentiviren führte zu der Entwicklung von Angiosarkomen und/oder undifferenzierten 
pleomorphen Sarkomen. Bei undifferenzierten pleomorphen Sarkomen handelt es 
sich, genau wie bei Angiosarkomen, um einen hochmalignen 
Weichteilsarkomsubtypen. Keine der anderen getesteten genetischen Kombinationen 
war ausreichend um die Entwicklung von Tumoren zu initiieren. Erstaunlicherweise 
entwickelten unterschiedliche Mausstämme, trotz identischer genetischer Stimuli, 
verschiedene Sarkomarten. Dies deutet auf eine entscheidende Rolle des genetischen 
Hintergrunds bei der Tumorentwicklung hin. 
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Zur Untersuchung der Onkogeninduktion und Tumorsuppressorexprimierung in vitro 
wurden primäre murine Endothelzellen aus der Milz mit Lentiviren, welche die zuvor 
aufgeführten Kombinationen exprimieren, transduziert. Diese genetisch-definierten 
Zelllinien wurden anschließend für die Erforschung des therapeutischen Effekts 
ausgewählter Kinaseinhibitoren verwendet. Erste Screenings zeigten, dass Zellen, 
welche oncogenes H-Ras und shCdkn2a exprimieren, sensitiver auf PI3K-mTOR und 
CHK1 Inhibitoren reagieren. Detallierte Dosis-Wirkungs-Analysen konnten dies jedoch 
nicht bestätigen.  
 
Bei der Ermittlung der therapeutischen Effekte des MEK Inhibitors AZD6244 und des 
dualen PI3K/mTORs Inhibitors NVP-BEZ235 in vivo konnten keine Unterschiede 
zwischen den mit Trägersubstanz und Inhibitor-behandelten Tieren festgestellt 
werden. Diese Therapeutika sind daher nicht für die Behandlung von Ras-gesteuerten 
humanen Angiosarkomen geeignet.  
 
Zusammenfassend konnte gezeigt werden, dass mit Hilfe des MuLE Systems 
genetisch-definierte, autochthone Mausmodelle, welche die humane Erkrankung 
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The goal of this thesis was to better understand the genetic events contributing to the 
development of soft tissue sarcomas, especially angiosarcomas. This thesis focused 
on identifying functional genetic interactions between some of the most commonly 
altered genes in human angiosarcomas, such as TP53, CDKN2A, MYC, HRAS, 
PIK3CA, PTEN and TSC2. Current knowledge about the signalling pathways 
contributing to angiosarcoma formation and targeted therapeutic options are reviewed 
in the following sections. 
 
 
1.1 Soft tissue sarcoma 
Soft tissue sarcomas are rare and diverse mesenchymal malignancies which account 
for approximately 1% of all adult cancers (1). In Europe the incidence rate ranges 
between 3.3 and 4.7 per 100,000 per year with a five-year relative survival of 58% (2). 
The incidence increases with age and tumours are observed in both male and female 
patients. Soft tissue sarcomas can occur at almost any anatomic site with the most 
common sites being the extremities, trunk, retroperitoneum or head and neck region. 
The World Health Organisation (WHO) has defined over 100 different benign and 
malignant soft tissue sarcomas subtypes named after the tissue which they most 
closely resemble (3).  
 
Most soft tissue sarcomas arise spontaneously, but there are several well described 
heritable genetic syndromes that are associated with an increased risk for sarcoma 
development (4). Those which account for the largest number of cases are Li-Fraumeni 
syndrome, which is caused by TP53 mutations (5), hereditary retinoblastoma (RB) (6) 
and neurofibromatosis type I (NF1) (7). Two known sarcoma-associated environmental 
risk factors are ionizing radiation, especially in the form of radiotherapy used for cancer 
treatment (8), and vinyl chloride exposure, which is used extensively in the plastic 
industry (9). Common soft tissue sarcomas that develop after radiation therapy are 
angiosarcomas and undifferentiated pleomorphic sarcomas (UPS)  (10,11). 
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1.1.1 Molecular characterization of soft tissue sarcoma 
Based on molecular characteristics, soft tissue sarcomas can be divided in two 
categories: low-grade sarcomas with simple karyotypes, such as chromosomal 
translocations, and high-grade sarcomas with more complex genetic profiles. 
Genetically complex sarcomas are clinically more aggressive than karyotypically 
simple sarcomas. Despite the genetic diversity of the subtypes, comparison of these 
two groups provides a useful framework for considering the genetic mechanisms which 
underlie sarcomagenesis (12-14). 
 
Soft tissue sarcomas with simple karyotypes account for approximately one third of all 
sarcomas and include Ewing’s sarcoma (15), alveolar rhabdomyosarcoma (16) and 
synovial sarcoma (17). These tumours typically arise de novo and commonly contain 
tumour-specific chromosomal translocations of which most encode aberrant 
transcription factors. Less common are chimeric protein tyrosine kinases and autocrine 
growth factors. The cytogenetic abnormality is present at the initiation of sarcoma 
development and retained throughout the clonal evolution (13,18). Sarcomas with 
chromosomal translocations are much more common in children than adults (19). 
 
Genetically complex sarcomas can arise from a benign lesion and progess to a 
genetically instable, malignant tumour. Examples for this are the progression of benign 
leiomyomas to malignant leiomyosarcomas (20). However, most high-grade sarcomas 
are believed to arise de novo without preceding benign lesions. Examples for 
genetically complex, high-grade sarcomas are UPS, leiomyosarcoma and 
angiosarcoma (21), which all have a high prevalence of TP53 and RB1 mutations or 
deletions (22,23). High-grade, genetically complex sarcomas show complex 
chromosomal alterations, but recurrent chromosomal translocations are absent. Their 
underlying genetic mechanism involves disturbances in genes involved in the p53 
pathway, including TP53 mutation, CDKN2A deletion and MDM2 amplification 
(13,24,25). 
 
Molecular analysis of sarcoma subtypes has indicated that previous classifications, 
based on the site of the tumour and the histo-pathological appearance are less 
important than the underlying molecular alterations. This is especially important for the 
development and clinical application of new molecularly-targeted sarcoma therapies, 
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which are urgently needed to improve the survival of these patients (26,27). So far, 
standard treatment options are surgical resection, radiotherapy, and chemotherapy. 
Patients with inoperable, advanced or metastatic disease have a poor prognosis which 
has not improved much over the past few decades (28). 
 
 
1.2 Undifferentiated pleomorphic sarcoma (UPS) 
UPS, formerly known as malignant fibrous histiocytoma (MFH), is a malignant 
neoplasm of uncertain origin that arises both in soft tissue and bone (3). MFH was first 
described in 1961 by Kauffman and Stout. They described it as a tumour rich in 
histiocytes with a storiform or cartwheel-like growth pattern (29). With advances in 
immunohistochemistry, the phenotype of this tumour was shown to be more closely 
aligned with a fibroblast than a histiocyte (30). In 2002, the WHO declassified MFH as 
a formal diagnostic entity and renamed it as UPS (3). Despite discrepancies in 
definition criteria, there is agreement that tumours, which by immunohisto-pathological 
analysis show a lack of tissue-specific differentiation and a combination of storiform 
and/or pleomorphic areas as well as by electron microscopy show 
fibroblastic/myofibroblastic features, can be classified as UPS (31). UPS account for 
approximately 5% of adult soft tissue sarcomas and represent one of the most common 
types of high-grade soft tissue sarcoma (32). UPS is characteristically a tumour of late 
adult life with a peak incidence rate in persons between the ages of 50 and 70 years 
(33). Approximately two thirds of UPS patients are male with higher rate of incidence 
among Caucasians compared to African Americans or Asians. The tumours occur 
most commonly in the lower extremity, especially the thigh, followed by the upper 
extremity. The majority of UPS are high-grade lesions with a local recurrence rate, a 
metastatic rate and a five-year survival of around 30%, 35% and 50% respectively. 
The most common site of metastasis is lung, followed by bone and liver (34-36). 
 
The etiology of UPS is a constant topic of debate. It has been suggested that UPS a 
group of de-differentiated sarcomas which share a common morphology but originated 
from different cell types. UPS may have multiple cells of origin with a convergent 
undifferentiated endpoint. This shared morphological pattern could be the result of 
common underlying genetic changes rather than a common cell of origin (37,38).  
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On the contrary, current data implicates mesenchymal stem cells (MSCs) as the 
common cell of origin of UPS tumours. MSCs were first described and isolated in 1980 
as adherent fibroblast-like appearing cells within bone marrow aspirates (39). MSCs 
have the ability to self-renew and differentiate into a variety of mesenchymal lineages, 
such as chrondocytes, osteoblasts and adipocytes. Oncogenic transformation of 
MSCs at various time points during differentiation can result in discrete histological 
sarcoma subtypes. Transformation at early time points of soft tissue differentiation 
would result in less differentiated tumours, while the transformation at later time points 
of differentiation would cause the development of more differentiated sarcomas (40-
42). Gazziola et al. were the first who associated UPS with undifferentiated MSCs. 
Gene expression analysis was utilised to profile and compare bone marrow-derived 
MSCs with primary undifferentiated sacromas, leiomyosarcomas with smooth muscle 
cells and fibrosarcomas with fibroblasts. They demonstrated that there was the same 
level of similarity between all three pairs (43). Furthermore, Matushansky et al. have 
shown that the gene expression profile of UPS overlaps with the profile of uncommitted 
MSCs prior to differentiation (44). Nonetheless, there is still a lack of general 
consensus whether UPS is a distinct tumour entity or the most undifferentiated 
endpoint of sarcomas that might initially have showed more differentiation. 
 
 
1.2.1 Molecular characterization of UPS 
Due to the rarity of studies on genetic alterations in UPS, the molecular alterations 
underlying the development of this heterogeneous malignancy are not completely 
understood. Recently, a comprehensive genomic characterization of 48 UPS samples 
was performed by the Cancer Genome Atlas (TCGA) with the provisional data now 
available publicly. Exploration of the data with the help of cBioportal (Fig.1.1) (45,46) 
revealed that, like other genetically complex sarcomas, UPS show a high prevalence 
of p53 pathway alterations (23). TP53 alterations have been identified in 65% of the 
samples and CDKN2A loss in 23%. RB1 was deleted in 33% of the patients. MYC 
amplifications were found in 6% of UPS lesions. Deregulated PI3K/AKT/mTOR 
signalling has been implicated in complex karyotype soft tissue sarcoma development 
and progression (47). The analysis of the TCGA UPS data confirmed genetic 
alterations in PIK3CA, PIK3R1 and PIK3R2, PTEN, mTOR, RHEB and TSC1 and 
TSC2 in a small percentage of UPS tumours. Furthermore, several growth factor 
	 7 
receptors were altered. Although the only MAPK pathway alterations reported in the 
TCGA dataset were NF1 alterations, HRAS and KRAS mutations have been identified 
in human UPS tumours as well (48-50). 
 
So far, standard treatment options are surgical resection combined with radiotherapy 
and/or chemotherapy. However, a high precentage of recurrence or metastatic spread 
remain problematic. In light of the genetic complexity of UPS, the molecular analysis 
of the tumours rather than the histo-pathological classification is crucial for the 





Figure 1.1. Co-occurence of mutations in UPS samples. Oncoprint of genetic alterations
identified in 48 UPS samples from the TCGA database (provisional).
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A less frequent but equally clinically aggressive subtype of high-grade soft tissue 
sarcomas are angiosarcomas. These tumours represent rare malignancies of mostly 
endothelial but also lymphatic differentiation that account for approximately 1% of all 
soft tissue sarcomas. Angiosarcomas are the most malignant subtype of a larger group 
of vascular neoplasms. Other members include benign hemangioma and intermediate 
hemangioendothelioma and Kaposi’s sarcoma-associated herpes virus (KSHV)-
derived tumours (3,51). Although incidences of angiosarcoma are observed in any 
age-group, it is more common in older patients with a similar distribution between 
sexes. They exhibit a high rate of lymph node and lung metastases with 5-year survival 
rate less than 30%. Angiosarcomas can arise in the skin, connective tissue or viscera 
and they show a wide anatomic distribution. The common sites of angiosarcoma 
development listed according to frequencies of occurences are head and neck regions, 
followed by the breast, extremities, trunk, liver, heart and spleen (52-55). 
Angiosarcomas are present as infiltrative, multinodular hemorrhagic masses with 
morphologies varying from spindle to epithelioid neoplasms. Extensive haemorrhage 
is a characteristic of many tumours. The majority of angiosarcomas a high-grade 
tumours characterized by cells of high nuclear grade displaying mitotic activity (56,57). 
Angiosarcomas mostly express the typical endothelial markers: CD34, CD31, FLi1, 
ERG and von Willebrand factor, however progressive tumour de-differentiation can 
cause the loss of these markers in some cases (58-61).  
 
Most cases of angiosarcoma arise spontaneously. Known risk factors include chronic 
lymphoedema, radiation and exposure to toxic chemicals. Stewart-Treves syndrome 
or lymphoedema-associated angiosarcoma, is a rare complication of chronic 
lymphoedema mainly related to breast cancer (62). Another known risk factor is 
radiotherapy, which can cause the development of secondary angiosarcoma, 
especially in the breast with a peak incidence 5-10 years after treatment (63). Various 
chemicals are also associated with angiosarcoma development, particularly within the 
liver. Hepatic angiosarcoma may arise after  exposure to vinyl chloride, which is used 
extensively in the plastic industry (64). Furthermore, thorium dioxide, which has been 
used in radiology, is also associated with hepatic angiosarcoma development (65).  
Other chemical carcinogens that promote angiosarcoma development include arsenic, 
radium and anabolic steroids (66).  
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1.3.1 Molecular characterization of angiosarcoma 
Due to its rarity, only few comprehensive studies of genetic alterations found in 
angiosarcoma patients have been reported. Genetic mutations and amplifications of 
VEGF, MDM2, TP53, CDKN2A, KRAS and MYC have been described in 
angiosarcoma patients (67-70). MYC gene amplifications are commonly found in a 
subset of secondary, radiation-induced angiosarcomas (71). A recent publication 
reported that the majority of genetic alterations were found in the p53 and MAPK 
pathways (Fig. 1.2). TP53 was mutated in 35% of the lesions and CDKN2A lost in 26%. 
53% of angiosarcomas displayed MAPK pathway activation, and harboured genetic 
activating mutations in KRAS, HRAS, NRAS, BRAF, MAPK1 or inactivating mutations 
in NF1 and PTPRB1 (72,73). Furthermore, alterations in the PI3K/AKT/mTOR pathway 
have been identified in a small percentage of patients (73-75).  
 
Although these recent studies have been very helpful in providing starting points for 
new avenues of research, the molecular and cellular mechanisms underlying 





Figure 1.2. Co-occurence of mutations in angiosarcoma samples. Oncoprint of genetic























































































Genetic Alteration                    Loss of function (missense, frame-shift, deletion)       Amplification
Missense mutation/ in frame Indel Hotspot PLCG1 R707Q mutation
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1.4 Angiogenesis and VEGF signalling 
Angiosarcoma is an aggressive soft tissue sarcoma of presumed endothelial origin that 
is commonly thought to be driven by aberrant angiogenesis.  
 
Angiogenesis is the process of new blood vessel formation from existing blood vessels. 
In the adult, it is tightly regulated and only transiently turned on during physiological 
processes such as the female reproductive cycle and wound healing (76). Without a 
vascular supply of oxygen and nutrients, tumour growth is limited to a certain size (1-
2 mm3). In response to a variety of stimuli, such as oncogenic H-Ras (77) or hypoxia 
(78), an expanding tumour exploits angiogenesis for its benefits. Intratumoural hypoxia 
causes the activation of an angiogenic switch to increase the blood supply by 
provoking an increased expression of hypoxia inducible factor 1a (HIF1a), which 
activates the transcription of genes which encode pro-angiogenic factors, such as the 
vascular endothelial growth factor (VEGF) (79,80). VEGF in turn can initiate a 
downstream signalling cascade and thereby stimulate the growth of new blood vessels. 
In addition to supplying the tumour with oxygen and nutrients, the newly formed 
vessels also provide an escape route for the tumour cells to metastasise. Due to 
aberrant and imbalanced angiogenic signalling, the new tumour vessels are 
unorganised, immature and leaky (81,82).  
 
In many solid tumours, VEGF expression correlates positively with angiogenesis (83). 
Five VEGF glycoproteins have been identified so far, with VEGF-A being the most 
important member (hereafter referred to as VEGF). VEGF binds in an overlapping 
pattern to the two receptor tyrosine kinases (RTKs), VEGFR-1 and -2. While VEGFR-
1 primarily serves as a negative regulator of VEGF signal transduction, VEGFR-2 
transduces all normal and pathological effects of VEGF (84-86). Gene targeting of Vegf 
and Vegfr2 in mice both result in early embryonic lethality due to defective vascular 
development (87-89). Binding of VEGF to VEGFR-2 induces receptor dimerization, 
kinase activation and autophosphorylation of the tyrosine residues. 
Autophosphorylated residues create docking sites for signal transducers, which 
activate signalling cascades, such as the mitogen-activated protein kinase (MAPK) or 
phosphatidylinositol 3-kinase (PI3K) signalling pathway, which cause the induction of 
cellular processes such as endothelial cell survival, proliferation, migration and lumen 




Kinase activity is tightly regulated via several mechanisms. One example is regulation 
by protein tyrosine phosphatases (PTPs). The vascular endothelial PTP (VE-PTP in 
mouse and PTPRB in human) is specifically expressed in endothelial cells, where one 
of its functions is the association and dephosphorylation of VEGFR2 (92-94). 
Inactivation of the ve-ptp gene in mice results in vascular malformations, leading to 
embryonic death at E11 (95).  
Several studies have identified aberrant VEGF signalling as an important driver of 
angiosarcoma development (67,96). Immunohistochemical analysis of 34 human 
angiosarcomas revealed VEGF-A overexpression in 94%, VEGFR-1 in 94% and 
VEGFR-2 in 65% of the samples. Patients who expressed low or no VEGFR-2 showed 
a significantly unfavorable prognosis (97). Gene expression profiling and sequencing 
Figure 1.3. Simplified schematic of VEGF signalling. Oncogene activation or hypoxia cause
the induction of VEGF expression. VEGF binds to VEGFR2 which can activate different
downstream signalling cascades, such as the PI3K and MAPK signalling pathway. PTPRB can
dephosphorylate and thereby inactivate VEGFR2. The activation of these signalling cascades














of 42 human angiosarcoma samples identified VEGFR-2 upregulation and mutations 
in 10% of the samples (98). The overexpression of VEGF in an immortalised 
endothelial cell line caused the development of angiosarcoma and upregulated 
VEGFR-1 and -2 expression in vivo (99). Moreover, Ghahremani et al. reported that 
the hetero- and homozygous deletion of VEGF in a angiosarcoma mouse model 
resulted in a substantial rescue from endothelial cell transformation (100). 
 
Another gene reported to be mutated in angiosarcoma is the endothelial phosphatase 
PTPRB, a signal transducer of tyrosine kinases. PTPRB mutations were often 
identified in tumours that showed MYC amplification, a biomarker of radiation-induced 
secondary angiosarcoma. 15 out of 39 angiosarcomas (38%) were reported to harbor 
at least one driver mutation in angiogenesis signalling genes (72). These findings 




1.5 p53 signalling 
As in other genetically complex soft tissue sarcomas, case reports and genomic 
analysis have reported abnormalities in the p53 signalling pathway including CDKN2A 
inactivation, TP53 mutations and MDM2 overexpression in spontaneous 
angiosarcoma development (67,74,101-108). 
 
The p53 tumour suppressor protein plays a key role in cell cycle regulation, apoptosis 
and senescence (109). Intact p53 signalling is essential for cancer prevention, 
consistent with a high tumour incidence observed in Trp53 null mice and TP53 
heterozygous Li-Fraumeni patients (110,111). Approximately 50% of human cancer 
patients carry p53 alterations and in the majority of the remaining 50%, p53 signalling 
is inactivated by upregulation of p53 inhibitors, such as MDM2, or by the 
downregulation of p53 cooperators, such as ARF (112-114). The increased 
predisposition of tumour development in the absence of p53 is due to the accumulation 
of genetic alterations and failure to eliminate these defective cells (115).  
 
p53 acts as a cellular stress sensor and can be activated in response to DNA damage, 
hypoxia and mitogenic or oncogenic activation (116). p53 activation leads to protein 
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stabilization, sequence-specific DNA-binding and transcriptional target gene activation 
(117). In undamaged cells, p53 is highly unstable and present at very low 
concentrations. The major negative regulator of p53 is the MDM2 proto-oncogene that 
acts as an ubiquitin ligase which targets p53 for proteasomal degradation (118,119). 
Phosphorylation of p53 by various kinases, including ATM, ATR and CHK1 and 2, after 
DNA damage reduces its binding to MDM2, which causes decreased proteasomal 
degradation and in turn increased p53 levels. Stabilized p53 binds to the DNA in a 
sequence-specific manner and activates or represses its target genes (120). The 
majority of cancer-associated mutations occur in the DNA-binding domain of p53 (112). 
 
The importance of MDM2 as a negative regulator of p53 is demonstrated by the lethal 
effect during embryonic development of Mdm2 knockout mice. The early mortality of 
these mice can be rescued by co-deletion of Trp53. The overexpression of MDM2 in 
many cancers is often sufficient to inactivate p53 withour further mutation (121).  
 
Tumours without TP53 alterations often show indirect inactivation of p53 function, 
through the overexpression of MDM2 or the inactivation of the cell cycle inhibitor 
p14ARF (p19ARF in mice) (112). p14ARF is encoded by the cyclin-dependent kinase 
inhibitor 2A (CDKN2A) locus on human chromosome 9p21, which also encodes 
another tumour suppressor gene named p16INK4A (122). In vivo knockout of p16INK4A 
and p19ARF or both genes causes the development of a spectrum of spontaneous 
tumours (123-126). The p16INK4A protein inhibits the activity of cyclin D-dependent 
CDK4 and 6 to prevent the phosphorylation of the RB tumour suppressor, which 
controls the progression through G1 phase. The p14ARF tumour suppressor can bind 
to MDM2 to inhibit p53 degradation and thereby promote p53 activation. The 
inactivation of p53 causes the induction of p14ARF expression, while the inactivation of 
RB causes p16INK4A induction. Therefore, CDKN2A inactivation recapitulates the effect 
of RB and p53 co-deletion, and equips the cells with an enhanced proliferative potential 





The genomic analysis of 34 angiosarcomas showed that the most frequently detected 
genetic alterations were mutations in TP53 in 12 tumours (35%) and the loss of 
CDKN2A in 9 tumours (26%) (73). The loss of CDKN2A expression is associated with 
a significantly worse prognosis (129). Angiosarcomas arising in rats and humans after 
vinyl chloride exposure, have been shown to carry TP53 mutations (130). Moreover, 
elevated MDM2 levels and p53 mutation are correlated with increased VEGF 
expression, suggesting that alterations in the p53 signalling pathway may drive 
sarcomagenesis by upregulating VEGF expression (67). These observations suggest 
that alterations in the p53 signalling pathway contribute to angiosarcoma development. 
 
Figure 1.4. Simplified schematic of p53 signalling. Oncogene activation causes the induction
of the tumour suppressors INK4A and ARF. ARF increases p53 stability by inhibition of the
negative regulator of p53, MDM2, thereby inhibiting p53 degradation. DNA damage causes the
activation of ATR/CHK1 and ATM/CHK2. CHK1 and 2 can directly phosphorylate p53 and
thereby stabilize it. p53 can induce the expression of the cyclin-dependent kinase inhibitor, which
inhibits the activity of cyclin D-dependent CDK4 and 6 to prevent the phosphorylation of the RB

















1.6 Ras and MAPK signalling 
It has been reported that 53% of angiosarcomas displayed MAPK pathway activation 
and harboured genetic activating mutations in KRAS, HRAS, NRAS, BRAF, ERK or 
inactivating mutations in NF1 (73). 
 
Ras signalling is involved in cellular proliferation, survival, differentiation and 
angiogenesis as well as metastases. Ras proteins are small GTPases that serve as 
transducers by converting signals from RTKs and spread them along several distinct 
downstream signalling pathways (131). RAS genes are the most frequently mutated 
oncogenes in human tumours. There are three closely related RAS proteins in 
humans, namely H-, K- and N-RAS (132). Although highly similar and widely 
expressed in adult tissues and tumours, K-RAS mutations are much more common in 
human cancers than N-RAS or H-RAS (133). This could be due to the unique 
properties the K-RAS protein, which favour oncogenic transformation. For example, 
only K-RAS confers stem-like properties to certain cell types (134). Moreover, mice 
lacking K-Ras die during embryogenesis whereas mice lacking N-Ras or H-Ras are 
viable (135). Another reason for the unbalanced amount of K-RAS mutations in 
comparison to N-RAS and H-RAS mutations is the preferential expression of specific 
RAS isoforms in different tumour-bearing organs (136). RAS activation alone is 
however often not sufficient to initiate cellular transformation. The expression of 
oncogenic RAS in primary cells causes permanent G1 arrest and cooperation of 
another oncogene or the incativation of tumour suppresors, such as p53 or p16 is 
required for oncogenic transformation (137-139). These findings extended the concept 
of multistep cancer progression. 
 
The GTPase RAS functions as a molecular switch cycling between two distinct 
conformational states, active when GTP is bound and inactive when GDP is bound. In 
response to upstream signals, Ras proteins are converted from their GDP state to their 
GTP state by guanine nucleotide exchange factors (GEFs), thereby activating RAS. 
GTPase activating proteins (GAPs), such as Neurofibromin (NF1), convert RAS-GTP 
back RAS-GDP, thereby negatively regulating RAS protein function (140). The most 
common somatic mutant forms of RAS are resistant to GAP-mediated hydrolysis and 
are locked permanently in the GTP-bound active state. As a consequence multiple 
RAS-dependent downstream effector pathways are activated (141).  
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One of the key signalling pathways stimulating cellular proliferation and differentiation 
is the mitogen-activated protein kinase (MAPK) signalling pathway. Growth factor-
induced activation of RAS activates RAF (MAPK kinase kinase), which phosphorylates 
and thereby activates MEK (MAPK kinase) which in turn phosphorylates ERK (MAPK). 
ERK phosphorylates a variety of substrates, including other protein kinases, as well as 
gene regulatory proteins in the nucleus. The resulting changes in gene expression and 
protein activity cause changes in cellular behaviour (142). Activating mutations in the 
different components of the RAS-MAPK pathway play an important role in 
oncogenesis. E.g. RAF mutations are commonly identified in human tumours, such as 
melanoma and colorectal cancer, and they do not overlap with RAS (143). 
 
Alterations in K-RAS have been frequently found in sporadic and vinyl chloride-induced 
angiosarcomas (69,105,107). Immortalised murine endothelial cells form benign 
hemangiomas in vivo, the addition of activated H-Ras causes the development of 
rapidly growing, poorly differentiated angiosarcomas (77). Moreover, H-Ras activation 
in an endothelial cell line causes the upregulation of ERK and AKT signalling. 
Upregulated ERK caused increased proliferation, while AKT controlled vascular 
morphogenesis. Both AKT and ERK caused increased endothelial cell survival (144). 
 
 
1.7 PI3K signalling  
Alterations in the PI3K/AKT/mTOR pathway have been identified in a small percentage 
of angiosarcoma patients (73-75).  
 
The PI3K signalling pathway stimulates cell survival and growth. Members of this 
pathway include the positive regulators phosphoinositide 3-kinase (PI3K), protein 
kinase B (PKB, also called AKT), mammalian target of rapamycin (mTOR) and as well 
as the negative regulators phosphatase and tensin homolog (PTEN) and tuberous 
sclerosis protein 1 and 2 (TSC1/2) (145). There are numerous genetic alterations that 
result in increased PI3K/mTOR signalling in human tumours (146). The PIK3CA gene, 
which encodes the PI3K catalytic isoform p110a, is the second most frequently 
mutated oncogene after RAS and its negative regulator PTEN is among the most 
commonly mutated tumour suppressor genes (147,148). Moreover, cancer cells with 
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normal PI3K and PTEN levels show alterations in other genes of the PI3K signalling 
pathway, such as RAS and AKT activation and loss of TSC1 or 2 (149). 
 
Growth factor-activated RTKs and GTPases recruit and activate PI3K via their 
regulatory subunit or adapter molecules. PI3K lipid kinases can be divided into three 
groups (classes I, II and III). The most important class in cancer is class I. Class I PI3Ks 
are receptor-regulated phosphatidylinositol (4,5)-bis-phosphate (PI(4,5)P2) kinases 
which generate phosphatidylinositol (3,4,5)-tris-phosphate (PI(3,4,5)P3). The catalytic 
subunit of class I PI3Ks consists of four isoforms, termed p110a, p110b, p110g and 
p110d that are constitutively bound to a regulatory subunit (150,151). Among the four 
class I isoforms of the p110 catalytic subunit of PI3K, only PIK3CA, which encodes 
p110a, is frequently mutated in human tumours (147). Around 80% of the activating 
PIK3CA mutations are found in two hotspots in the helical domain and one hotspot in 
the kinase domain (152). Activation of p110a in the mouse heart results in increased 
cell size which caused an increased heart size (153). Several mouse models were 
developed to investigate the role of PIK3CA in tumourigenesis. E.g. inducible, tissue-
specific expression of mutant PIK3CA in mammary epithelial cells causes the 
development of adenosquamous carcinoma or adenomyoepithelioma in mice (154). 
 
The lipid phosphatse PTEN negatively regulates PI3K by dephosphorylating the lipid 
product PI(3,4,5)P3 to PI(4,5)P2. Impaired PTEN function causes PI(3,4,5)P3 
accumulation and in turn activation of downstream signalling. Homozygous Pten 
deletion is embryonically lethal, but heterozygous Pten+/- mice develop tumours in 
multiple tissues (155-157). Loss of PTEN function is a common event in many human 
tumours. Despite its many functions, the lipid phosphatase function has been shown 
to be the major driving force in human tumour  development and progression (158). 
 
PI(3,4,5)P3 can bind to proteins that contain pleckstrin homology domains, such AKT 
and phosphoinositol-dependent kinase 1 (PDK1). The binding promotes AKT 
phosphorylation at Thr 308 by PDK1. This primes AKT for phosphorylation at Ser 473 
by mTOR complex 2, which fully activates AKT serine/threonine kinase activity. Fully 
active AKT mediates numerous cellular functions including angiogenesis, growth, 
survival, protein synthesis and apoptosis (Fig. 1.5) (159,160).  
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Activated AKT phosphorylates and inactivates the negative regulator tuberous 
sclerosis protein 2 (TSC2), which destabilizes TSC2 and disrupts its interaction with 
TSC1. An inactive TSC1-TSC2 complex cannot inhibit mTOR complex 1. Active mTOR 
complex 1 phosphorylates the eukaryotic translation initiation factor 4E binding protein 
1 (4E-BP1) and S6 kinase (S6K), thereby promoting protein synthesis and cellular 
proliferation (161,162). TSC1 and 2 proteins are so named because mutations in either 
of the TSC1 or 2 tumour suppressor genes cause the genetic disease tuberous 
sclerosis, which is characterized by the development of a variety of benign neoplasms, 
called hamartomas (163). In mice, homozygous deletion of either Tsc1 or 2 is 
embryonically lethal, while heterozygous mice are prone to tumour development in 





Human angiosarcoma tumours show infrequent alterations in the PI3K/mTOR 
signalling pathway, however, because of the rarity of this tumour type, studies 
regarding the incidence rate of genetic alterations in the PI3K/mTOR signalling 
pathway of angiosarcoma patients were mostly based on small genetic studies and 
single case reports. Single case reports revealed loss of heterozygosity of TSC2 in an 
Figure 1.5. Simplified schematic of class I PI3K signalling. PI3Ks are RTK or GTPase-
activated, PI(4,5)P2 kinases that generate PI(3,4,5)P3. PI(3,4,5)P3 can bind to the PH domain of
AKT and PDK1. This allows the partial activation of AKT by phosphorylation of Thr308 by PDK1.
The additional phosphorylation on Ser473 by mTOR complex2 causes the full activation of AKT,
thereby causing the activation of AKT target genes, which regulate cellular growth, proliferation
and survival. AKT phosphorylation of the tumour suppressor TSC2 causes its inactivation. TSC2
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uterine angiosarcoma as well as PTEN mutation in a human hepatic angiosarcoma 
(70,75). Another study showed decreased PTEN expression in 41% of bone 
angiosarcoma patients (129). However, no PTEN alterations were identified in 62 soft 
tissue angiosarcoma patients. Nonetheless, 42% of the patients showed 
overexpression of phosphorylated ribosomal protein S6 kinase (p-S6K) and/or 
phosphorylated 4E-BP1 overexpression, suggesting frequent activation of the 
PI3K/mTOR pathway (74). The overexpression of AKT in an immortalised murine 
endothelial cell line, resulted in the development of benign vascular lesions (166), 
further supporting the notion that activation of this signalling pathway may contribute 




Amplification of MYC is commonly found in secondary, radiation-induced 
angiosarcoma (71).  
 
MYC (c-MYC) is a highly regulated and multifunctional proto-oncogenic transcription 
factor. Homozygous Myc mutation in mice is embryonically lethal (167). Several mouse 
models show the involvement of Myc in tumourigenesis and its oncogenic function 
(168). MYC functions as a master transcriptional regulator of a wide array of target 
genes and its concentrations need to be tightly regulated in order to avoid oncogenic 
signalling (169). In tumour cells, MYC expression can be deregulated directly due to 
gene amplification, chromosomal translocation and polymorphisms in the enhancer 
region or indirectly due to constitutive activation of upstream signalling pathways (170-
175).  
 
MYC is unable to bind to DNA alone and requires a binding partner to bind DNA 
effectively. A protein named MAX oligomerises with MYC to form heterodimers which 
are able to bind DNA. This interaction is crucial for MYC-dependent gene regulation 
(176). 
 
MYC amplification is used as a biomarker of secondary radiation-induced 
angiosarcomas. Its increased expression in the majority of radiation-induced 
angiosarcomas suggests that MYC amplification may play an important role in the 
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development of these tumours (71,177-179). However, a recent study reported MYC 
gene amplification and protein overexpression in primary, non-radiation-associated 
cutaneous human angiosarcomas. In this study, MYC gene amplification and protein 
overexpression were not correlated with the clinical outcome (180). Another group 
reported variable levels of MYC expression in primary human angiosarcomas with 
high-grade tumours showing significantly higher MYC expression levels than low-
grade tumours (181). Genomic analysis of 34 human angiosarcomas revealed that 
MYC amplifications are generally mutually exclusive of TP53 alterations and CDKN2A 
loss (73). These studies collectively argue that MYC is likely to be important for the 
formation of angiosarcomas. 
 
 
1.9 Models of angiosarcoma  
Genomic studies have revealed a large collection of genetic alterations which are 
present in human tumours (170,182,183). These alterations either confer a clonal 
growth advantage to the cell, or are biologically neutral and do not contribute to tumour 
development (184). The genomic characterization of angiosarcomas necessitates the 
need for functional genetics to determine which combinations of genetic alterations 
dictate which tumour phenotype and to develop new in vitro and in vivo angiosarcoma 
models for accompanying target discovery (185,186). 
 
Endothelial cell lines isolated directly from angiosarcoma patients are clearly valuable 
for studies of the molecular biology of the disease. Human cutaneous angiosarcoma-
derived cell lines include AS-M (187), ISO-HAS (188) and HAEND (189) as well as a 
murine-phenotypic angiosarcoma cell line, named ISOS-1, from a transplanted human 
angiosarcoma into immunocompromised SCID/beige mice (190). All the cell lines show 
aberrant p53 expression. Typical endothelial cell characteristics include CD31, CD34, 
VEGFR1 and von Willebrand factor expression, induced expression of cell adhesion 
molecules and tube formation capacity on Matrigel. However, the angiosarcoma-
derived cell lines lost some of these characteristics, such as tube forming capacity and 
the subcutaneous injection into immunocompromised mice caused the development 
of de-differentiated tumours (187-192).  
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Since angiosarcoma-derived cell lines represent end-stage disease and have 
presumably accumulated several mutations that caused the malignant transformation 
of the cells, as well as passenger mutations which did not contribute to tumour 
development, they are not very suitable for modelling earlier stages of endothelial cell 
transformation. Furthermore, serial passaging of the cells can introduce additional 
alterations that do not reflect the primary tumours. To overcome these limitations, the 
modelling of cooperative genetic events which initiate angiosarcomagenesis needs to 
be based on the genetic manipulation of primary tissue-specific cells. Therefore, 
genetically engineered mouse models represent a more suitable approach.  
 
The earliest established angiosarcoma models include mice treated with toxic 
chemicals (193-195). The high incidence of Ras mutations in these chemically induced 
tumours is consistent with human angiosarcoma (196,197).  
 
The most frequent genetic alterations present in human angiosarcomas are alterations 
in the p53 signalling pathway. Several in vivo mouse studies showed the involvement 
of loss of function of the p53 tumour suppressor in angiosarcoma development 
(100,198-200). In addition, the in vivo deletion of Cdkn2a in mice lead to the 
development of lesions which recapitulate human angiosarcoma, however, only 30% 
of the mice displayed angiosarcomas within 100 days (201). 
Alterations in the PI3K/AKT/mTOR pathway have been identified in a small percentage 
of patients (73-75) and disruption of the Tsc1 or 2 tumour suppressors, which 
negatively regulate the pathway, induced the formation of angiosarcomas in mice 
(164,165,202,203). The in vivo endothelial cell-specific deletion of Tsc1 caused the 
development of lymphangiosarcoma and increased VEGF expression in tumour cells 
(204). Furthermore, overexpression of activated AKT in murine endothelial cells 
resulted in vascular malformations in mice (166). 
 
Another report showed that the in vivo deletion of Notch1 resulted in the development 
of hepatic angiosarcomas with a penetrance of 86% at 50 weeks after gene deletion 
(205,206), although genetic alterations in the Notch pathway, have not been reported 
in human angiosarcomas.  
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Although these studies have been helpful in uncovering aspects of sarcomagenesis, 
there is limited understanding of the interactions between cooperating genetic 
alterations and the initiating molecular events in existing animal models are largely 
uncharacterized, and their relevance to human angiosarcomas is uncertain.  
 
 
1.10 Therapeutic implications 
Angiosarcomas belong to the category of genetically complex sarcomas and are highly 
aggressive tumours. Local recurrences develop in about one fifth of patients and 
patients with inoperable, advanced or metastatic disease have a poor prognosis which 
has not improved much over the past few decades (207,208). Rare tumours present 
major clinical and investigative challenges. Current clinical knowledge of 
angiosarcoma is based on single case reports and few retrospective case series, 
where only two published series include more than 100 patients (209,210). Age >70 
years, size of the primary lesion and presence or absence of metastases are the most 
useful determinants of treatment options (211,212). 
 
So far, standard treatment options for local disease are surgical resection and due to 
the high risk of local recurrence, adjuvant radiotherapy. However, complete surgical 
resection is the best hope for cure, and radiotherapy is if possible avoided because of 
the risk of radiation-induced angiosarcomas (53,213). Cytotoxic chemotherapy 
remains the standard of care for most locally advanced and metastatic angiosarcomas. 
Regimens include doxorubicin (214-216), ifosfamide (217), gemcitabine (218-220), 
paclitaxel (221-223), dacarbazine (224), imatinib (225), cisplatin (226,227) and 
cyclophosphamide (228). Unfortunately, treatment with cytotoxic chemotherapy shows 
no significant advances in patient survival (208,209,229)  
 
Cellular proliferation and survival often involve signalling through the interconnected 
MAPK and PI3K/mTOR signalling pathways. Both pathways are normally activated by 
a growth factor, such as VEGF, binding to a RTK, but may also be activated by 
downstream events. Because RTKs and their ligands are frequently overexpressed in 
soft tissue sarcomas, they are thought to represent attractive therapeutic targets. A 
broad range of RTK inhibitors have been developed in recent years, although, thus far, 




Upregulation of the VEGF signalling pathway has been suggested to play a significant 
role in angiosarcoma development. Different strategies have been designed to target 
the VEGF signalling pathway (231). VEGFR-directed therapies, such as the 
humanized monoclonal VEGF-neutralizing antibody bevacizumab (Avastin) and the 
RTK inhibitor sorafenib (BAY43-9006) are associated with approximately 15% 
response rates in primary and ionising radiation-induced angiosarcomas (232-234), 
with these responses perhaps associated most clearly with VEGFR2 mutations (98). 
The treatment of two angiosarcomas with the RTK inhibitor sunitinib (SU11248) did not 
show prolonged patient survival (235). 
 
The finding of PI3K/mTOR pathway alterations in angiosarcoma patients suggests that 
this molecular subset of patients might benefit from PI3K and mTOR inhibitors, this is 
currently being tested in clinical trials for soft tissue sarcoma patients.  Elevated VEGF 
levels in hemangiomas can be reduced by the mTOR inhibitor rapamycin, suggesting 
a potential link between TSC/mTOR signalling and vascular tumours (236). 
Furthermore, mTOR inhibition by rapamycin or VEGF blockade effectively abolished 
vascular tumour development and growth in a Tsc1 driven lymphangiosarcoma mouse 
model (204).  
 
Aurora kinases represent a family of serine/threonine kinases required for progressive 
stages of mitosis and cell division. Dysregulation of Aurora kinases has been reported 
in a variety of carcinomas, but little data is available on their role in soft tissue sarcoma 
treatment (237). The treatment of an angiosarcoma with the Aurora A kinase inhibitor 
alisertib (MLN8237) in combination with cytotoxic chemotherapy caused a partial 
response (238). 
 
The drop in the cost of personal genome sequencing may alter the clinical and 
therapeutic course for cancer patients. It is becoming technically possible to guide 
treatment by the analysis of the patients’ genomic alterations (239,240). Furthermore, 
molecular analysis of sarcoma subtypes has indicated that previous classifications, 
based on the site of the tumour and the histo-pathological appearance are less 
important than the underlying molecular alterations driving sarcomagenesis. This is 
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especially important for the development and clinical application of new molecularly-
targeted sarcoma therapies (26,27).  
 
 
1.11 MuLE system 
The afore-mentioned studies demonstrate the usefulness of genetically engineered 
mice for modelling vascular neoplasias. However, transgenic mouse models also have 
several limitations caused by the lack of availability of appropriate genetic alleles and 
the feasibility and time requirements of combining multiple genetic alterations in a 
single mouse in a tissue-specific manner (241).  
 
Somatic genetic engineering represents an alternative approach for cancer modelling. 
One example, generated in our laboratory, is a powerful novel system which allows 
high throughput genetic manipulations in primary cells ex vivo and in mouse tissues in 
vivo. This published system, termed multiple lentiviral expression (MuLE) system, 
utilises lentiviral-mediated delivery of multi-cistronic gene regulatory cassettes to 
simultaneously cause the overexpression, gene knockdown, Cre-mediated gene 
deletion, or  clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-
mediated gene mutation of multiple genes via a single infection (242). Cloning of these 
vectors is extremely simple and rapid due to the use of MultiSite Gateway cloning 
technology (243). MuLE vectors are also marked with either drug resistance genes, 
fluorescent proteins or luciferase to enable the rapid engineering and monitoring of 
tumours formed from primary cells in cell culture or formed directly following injection 
in vivo into mouse tissues. For biosafety reasons, MuLE vectors are packaged with an 
ecotropic viral envelope protein (MLV virus) which restricts viral tropism to rodent cells 
(244).  
 
Intramuscular injections of MuLE lentiviruses expressing oncogenic H-RasG12V 
together with combinations of knockdowns of the tumour suprressors Cdkn2a, Trp53 
and Pten allowed the generation of three murine soft tissue sarcoma models. This 
example demonstrates that somatic genetic engineering in adult mouse tissues can be 





The utility of existing genetically engineered angiosarcoma mouse models for 
systematic pre-clinical testing of new therapeutic approaches are limited by 
unpredictable timing and in some instances by failure to recapitulate the genetics which 
underlie human angiosarcomas. All models in which tumours formed in a reasonable 
timeframe (less than 6 months) were generated by crossing two or more transgenic 
mouse strains, requiring time-consuming and expensive breeding programs.  
 
In this thesis we developed a new mouse genetic approach using the MuLE lentiviral 
gene regulatory system (242) to functionally test the contributions of some of the most 
commonly altered human candidate driver oncogenes and tumour suppressor genes,  
namely by altering the expression of the mouse homologues of the human TP53, 
CDKN2A, MYC, HRAS, PIK3CA, PTEN and TSC2 tumour suppressor genes, to the 
formation of angiosarcoma in the mouse. 
 
We aimed to generate a panel of monitorable, genetically-defined angisarcoma mouse 
models which reflect these genetic mutations. These in vivo models could then be used 
in combination with ex vivo studies to identify and test appropriate therapies specific 
for these combinatorial mutations. This combined approach aimed to ultimately 





2.1 Oncogenic H-RasG12V expression plus knockdown of Cdkn2a using 
ecotropic lentiviral vectors induces high-grade endometrial stromal sarcoma  
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The uterine corpus represents the most common site for tumour development in the 
female genital system. Uterine neoplasms are categorised as epithelial, mesenchymal, 
mixed epithelial-mesenchymal or trophoblastic tumours. In this study we employed a 
mouse genetic approach using the MuLE lentiviral gene regulatory system to 
functionally test the ability of ecotropic lentiviruses to model epithelial and 
mesenchymal uterine malignancies ex vivo and in vivo. We discovered that MuLE 
lentiviruses efficiently infect uterine stromal cells but not endometrial epithelial cells 
when injected into the uterus of cycling, pseudopregnant or ovarectomized mice. 
Consistent with this cellular infection spectrum, we show that intra-uterine injection of 
ecotropic MuLE viruses expressing oncogenic H-RasG12V together with knockdown of 
Cdkn2a induce high-grade endometrial stromal sarcomas, establishing this approach 








Early-stage uterine tumours are associated with an excellent prognosis after surgical 
treatment. However, for patients with advanced, metastatic or recurrent uterine cancer, 
limited therapeutic options are available (1-3). To improve understanding of these 
diverse diseases it would be desirable to have a series of representative mouse 
models that reflect not only the different histological types of uterine tumours but also 
the underlying molecular genetics of each of these different tumour types. In recent 
years there has been some progress towards this goal. 
 
The most prevalent tumours of the female reproductive system are carcinomas of the 
endometrium, which are classified in a dualistic model based on histological 
appearance and molecular differences (4,5). Type I endometrioid tumours account for 
80% of endometrial malignancies and are characterised by a relatively high survival 
rate, due partly to their frequent early detection following abnormal uterine bleeding. 
Several studies report that PTEN mutations occur early in the development of type I 
tumours (6-10). In terms of generating rapid, flexible and accurate mouse models of 
this disease, it has been shown that the injection of adenoviruses expressing Cre into 
the uterine lumen of adult Ptenfl/fl mice caused the development of uterine carcinomas 
(11). Tumour onset and severity can be accelerated by combining Pten deletion with 
K-Ras activation (12). This combination of germline-based generation of Cre-
regulatable genetic alleles plus viral-based delivery of Cre to somatic endometrial cells 
represents one approach to speed up the generation of different molecular forms of 
endometrial carcinoma. Type II endometrial tumours are more common in older, non-
obese women and, despite their rarity, have a worse outcome due to their highly 
invasive and metastatic nature. They comprise three different subtypes: serous, clear 
cell and undifferentiated carcinomas, each representing approximately 5-10% of all 
endometrial carcinoma cases (13). Type II tumours are associated with both 
overlapping and distinct sets of genetic alterations to those found in type I tumours. 
They exhibit extensive somatic copy number alterations. In contrast to type I tumours, 
type II tumours are frequently characterised by early mutations in TP53 (14-19). The 
deletion of the Trp53 gene in the mouse endometrium results in the formation of all 
histological subtypes of type II disease after 14-16 months (20). 
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Uterine mesenchymal tumours are derived from the soft tissue of the uterine corpus, 
which comprises endometrial stroma, smooth muscle and blood vessels. 
Mesenchymal tumours account for 3% of uterine tumours (21). Uterine sarcomas are 
broadly classified into leiomyosarcomas, accounting for 60% of cases, endometrial 
stromal sarcomas, and undifferentiated sarcomas. These categories are defined by 
the presence of specific molecular alterations as well as by tumour morphology and 
prognosis (22). Leiomyosarcomas are composed of cells which demonstrate smooth 
muscle differentiation. The majority of uterine leiomyosarcomas occur sporadically. 
Commonly found alterations include MED12 and HMGA2, which represent 
independent genetic events (23). Patients with germline mutations in fumarate 
hydratase have an increased risk for developing uterine leiomyosarcomas as well as 
uterine leiomyomas (24). Copy number loss of the 10q chromosomal region, which 
contains the PTEN locus, has been detected in human leiomyosarcomas and is 
associated with an aggressive clinical behaviour (25). Moreover, it has been shown 
that the in vivo deletion of Pten in smooth muscle cells promotes abdominal and 
retroperitoneal leiomyosarcomagenesis (26).  
 
Endometrial stromal sarcomas are composed of cells resembling the endometrial 
stroma and are far less frequent than smooth muscle tumours, such as 
leiomyosarcomas. They are characterized by chromosomal translocations, most 
commonly involving the zinc finger genes JAZF1 and SUZ1 (27-31). Undifferentiated 
uterine sarcomas represent a very rare and aggressive category of uterine tumours. 
Considering their low incidence rate, there is little to no information about molecular 
alterations found in these tumours. They are diagnosed by exclusion after elimination 
of other high-grade uterine tumours with a sarcomatous component (32,33).  However, 
again using the combined germline genetics plus viral delivery of Cre approach, 
injection of an adenovirus expressing Cre-recombinase into the uterus of mice 
harbouring conditional alleles of oncogenic K-Ras and Trp53 caused the development 
of undifferentiated pleomorphic sarcoma (34,35).  
 
In order to accelerate the process of generating genetically-complex autochthonous 
mouse models of human tumours we recently developed the MuLE lentiviral gene 
regulatory system, (36) that facilitates combinatorial somatic genetics in cultured cells 
and in vivo in mouse tissues. As a proof of principle, we showed that this system could 
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be employed to generate new mouse models of muscle-derived undifferentiated 
sarcomas that harbour alterations in multiple signalling pathways (36). In the current 
study we investigate whether the MuLE system could also be applied to the setting of 
modelling of different forms of uterine tumours.  We show that the MuLE system can 
be used to model endometrial sarcomas but does not appear to be easily applicable 





MATERIALS AND METHODS 
 
Mice 
SCID/beige mutant mice (C.B-17/CrHsd-PrkdcScidLystbg-J) and C57BL/6JRccHsd mice 
were obtained from Envigo. B6.Cg-Gt(ROSA)Sortm14(CAG-tdTomato)Hze/J mice were 
obtained from the Jackson Laboratory. Vasectomized RjOrl:SWISS male mice were 
obtained from Janvier labs. Pax8-rtTA;LC1 mice (37), were obtained from Prof. 
Carsten Wagner, University of Zurich. For doxyclycline experiments, 6-8-week old 
offspring of intercrosses between Pax8-rtTA;LC1 and B6.Cg-Gt(ROSA)Sortm14(CAG-
tdTomato)Hze/J mice were exposed to doxycycline (0.5 mg/ml) in drinking water 
supplemented with 5% sucrose for 5 days. Afterwards animals were kept on normal 
drinking water for another week. Mouse experiments were approved by the Veterinary 




Adult, cycling female B6.Cg-Gt(ROSA)Sortm14(CAG-tdTomato)Hze/J mice were 
anaesthetized with isoflurane and the ovaries were exposed. Both uterine horns were 
ligated and the ovaries were removed. 2-week following surgery lentiviruses were 
injected into the uterus.  
 
 
Intrauterine viral injections 
Approximately 4-week old female mice were anaesthetized using isoflurane and the 
uteri were exposed by making a small incision. 10µL of concentrated lenti- and adeno-
viruses expressing different genetic manipulations were injected into one uterine horn 
with a 30G insulin syringe. The animals were euthanised 1-6 months after injection 
depending on the experiment. The uteri were harvested, fixed in 10% formalin, 
paraffin-embedded and cut in 5µm thick sections. For the identification of the Cre-
infected cells, B6.Cg-Gt(ROSA)Sortm14(CAG-tdTomato)Hze/J uteri were fixed in 4% 
paraformaldehyde for 4-6h, transferred to 30% sucrose overnight, embedded in OCT 




For allograft experiments, SCID/beige mice were anaesthetized by the inhalation of 
isoflurane and 1x106 cells resuspended in 50% Matrigel (BD, no. 354230) were 
injected subcutaeously. In vivo imaging as well as a caliper were used to follow tumour 
development over time.   
 
 
In vivo imaging studies 
Noninvasive in vivo fluorescence and bioluminescence imaging was performed using 
the IVIS Spectrum (Perkin Elmer) together with the Living Image software (version 4.4). 
Mice were anaesthetized by using 2.5% isoflurane. During imaging, the isoflurane 
levels were reduced to 1.5% All fluorescence measurements were performed in epi-
fluorescence mode. For bioluminescence imaging, mice were injected subcutaneously 
with 150 mg/kg D-luciferin (Caliper, no. 122796) and imaged 15 min after injection. For 
the quantification of the total radiant efficiency, a region of interest was drawn around 
the mouse and the total radiant efficiency was automatically detected.  
 
 
Isolation and maintenance of pEEC 
We used previously published protocols (38,39) with minor modifications for the 
isolation of primary endometrial epithelial cells from mice. 5-10 3-week-old C57BL/6 
mice were sacrificed by cervical dislocation and uterine horns were removed, dissected 
in Hanks Balanced Salt Solution (HBSS, ThermoScientific) and cut open lengthwise. 
The fragments were then pooled and incubated with 0.5% Trypsin (Sigma Aldrich)/ 
2.5% pancreatin (Thermo Fisher Scientific) in HBSS for 60 min at 4°C and 60 min at 
22°C. Following transfer to ice-cold HBSS, digested uteri were vortexed for 30 sec to 
release epithelial cells. Uterine tissues were filtered through a 40µm nylon mesh and 
epithelial cells were collected and centrifuged at 1.000 xg for 5 min. Cells were then 
resuspended in basal medium containing DMEM/F12 (Sigma Aldrich) supplemented 
with 1 mmol/l HEPES (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Sigma 
Aldrich). Cells were mechanically disrupted by pipetting until clumps of cells are 
observed under the microscope. Cells were then seeded in basal medium 
supplemented with 5ng/ml EGF (PeproTech), 1mg/ml insulin (Sigma Aldrich), 
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0.55mg/ml transferrin (Sigma Aldrich), 0.5µg/ml sodium selenite (Sigma Aldrich) (BIE) 
and 0.5% dextran-coated charcoal-stripped FCS (Biochrom AG) and plated into 
cultures dishes. Cells were cultured in BIE plus 0.5% stripped FCS in an incubator at 




Immunohistochemical analysis was performed on formalin-fixed paraffin sections after 
antigen retrieval (5 min at 110°C in 0.1M citrate buffer pH6). The antibodies used in 
this study were anti-CD10 antibody (1:2000, PA5-47075, Thermo Fisher Scientific), 
anti-CD31 antibody (1:200, ab28364, abcam), anti-CYCLIN D1 antibody (1:40, SP4, 
Thermo Fisher Scientific), anti-DESMIN antibody (1:100, D1033, Sigma-Aldrich), anti-
MYOD1 antibody (1:100, M3512, Dako), anti-MYOGENIN antibody (1:500, M3559, 
Dako), anti-ALPHA SMOOTH MUSCLE ACTIN antibody (1:5000, ab5694, abcam) and 







Establishment of a primary endometrial epithelial cell culturing system 
To study the ability of the MuLE system to model uterine malignancies, we first focused 
on the most common uterine tumour type, endometrial carcinoma. We established a 
murine endometrial epithelial cell culture model to allow us to study endometrial tumour 
development ex vivo. Primary endometrial epithelial cells (pEECs) were isolated by 
digestion of dissected uterine horns in trypsin and pancreatin. Freshly isolated cultures 
showed almost uniform postive staining for E-CADHERIN, ß-CATENIN and 
CYTOKERATIN-7 and, with the exception of a small number of cells, negative staining 
for VIMENTIN, establishing the relative purity of the epithelial isolation (Fig. 1A). Next, 
we optimised cell culture conditions to allow the proliferation of these cells. The 
addition of 0.5% charcoal-stripped FCS to the medium allowed expansion of the cells 
into larger clusters in which cells maintained their epithelial cobblestone morphology. 
If FCS was not added the cells maintained their epithelial morphology but did not 
expand and passaging them was not possible (Fig. 1B). Based on these results, we 
decided to culture the cells with 0.5% FCS.  
 
The extended replicative life span which results from the inactivation of the p53 
pathway is thought to represent an important event in the multistep process of 
endometrial carcinoma development. Given this genetic link to human endometrial 
carcinogenesis and additionally since pEECs fall into senescence with ongoing 
cultivation on plastic dishes (40), we tried to immortalise them by using primary 
epithelial cultures prepared from Trp53fl/fl uteri. Trp53 was deleted ex vivo by treating 
the cells with a Cre-expressing adenovirus. Additionally, we infected pEECs from 
wildtype mice with a MuLE vector expressing a miR-30-based shRNA against Trp53 
together with antibiotic resistance. Genetic deletion or knockdown of Trp53 allowed the 
cells to be expanded and passaged, but passaging still caused a change in cellular 
morphology to a more fibroblast-like appearance (Fig. 1C), meaning that these cultures 
do not represent a system that can be used for long-term studies of endometrial 
epithelial cells. 
 
We next sought to determine whether primary endometrial epithelial cells could be 
readily infected by MuLE viruses. For these experiments we isolated endometrial 
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epithelial cells from uteri of Pax8-rtTA; LC1; ROSA26-lox-stop-lox tdTomato mice  
(37,41). PAX8 is a transcription factor which is essential for the development of the 
female genital tract, including luminal and glandular endometrial epithelial cells (42). 
In this mouse model, the reverse tetracycline-controlled transactivator (rtTA) is 
expressed under the control of the Pax8 promotor (Pax8-rtTA). In the presence of 
doxycycline, rtTA can bind to a tetracycline response element (TRE) which leads to 
the expression of Luciferase and Cre, specifically in endometrial epithelial cells, which 
induces the expression of tdTomato (Fig. 2A). Following the administration of female 
mice with doxycycline to activate Cre-mediated recombination, uteri were harvested 
and Pax8-driven tdTomato expression in glandular and luminar epithelial cells was 
confirmed by in vivo imaging (Fig. 2B) and microscopy. We isolated pEECs from the 
uteri of these mice and infected them with ecotropic MuLE lentiviruses expressing GFP 
to label infected cells, After 48h only a few Pax8-tdTomato-expressing cells were GFP-
positive but the majority of GFP-expressing cells were Pax8-tdTomato-negative (Fig. 
2C, top half), demonstrating that infection of epithelial cells by MuLE viruses is rare. 
 
We nonetheless reasoned that it might be possible to transform epithelial cells and 
potentially create an ex vivo engineered endometrial carcinoma model by infecting 
pEECs with an ecotropic MuLE virus expressing shCdkn2a plus H-RasG12V, taking 
advantage of the fact that largely mutually exclusive genetic alterations in KRAS, 
HRAS, NRAS, BRAF and NF1 occur in about 32% of human endometrial carcinomas 
(www.cbioportal.org) and loss of function of Cdkn2a in mouse cells allows escape from 
Ras-induced senescence and transformation (43,44). Infection of the above-described 
genetically labelled pEEC cultures with the shCdkn2a and H-RasG12V-expressing 
lentivirus lead to the emergence of a population of apparently transformed cells that 
proliferated rapidly, could be sequentially passaged and formed stream-like structures 
in culture, however these cells were negative for tdTomato expression (Fig. 2C, lower 
half), indicating that they are not epithelial in origin. It is known that endometrial 
epithelial cell cultures can be contaminated by small numbers of endometrial stromal 
cells and indeed, when these transformed cells were injected subcutaneously into 
SCID/beige mice they formed tumours with a sarcoma-like morphology. Histologically, 
the tumours stained negatively for CD31, DESMIN, MYOD1, MYOGENIN, a-SMA and 
positively for VIMENTIN (Fig. 2D). This molecular phenotype is consistent with a 
diagnosis of undifferentiated sarcoma of likely mesenchymal cell origin. We conclude 
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that while endometrial epithelial cells can be infected by MuLE viruses, albeit at low 
efficiency, transformation of other stromal cell types present in these cultures occurs 
efficiently by H-RasG12V overexpression and Cdkn2a knockdown. 
 
 
Stromal cells are preferentially transduced by lentiviruses following in vivo 
injection 
To study the efficacy of ecotropic lentiviral infection in vivo, we first injected mice with 
GFP-, tdTomato- or Luciferase-expressing ecotropic lentiviruses, but we were unable 
to detect the expression of any of these markers by immunofluorescence staining (data 
not shown). However, using R26-lox-STOP-lox-tdTomato mice (41) as a reporter 
system (Fig. 3A) to test cellular infection, we discovered that the injection of ecotropic 
lentiviruses expressing Cre into the uterus of cycling (n=3), pseudopregnant (n=1) and 
ovarectomized (n=1) mice induced tdTomato expression in cells in the uterine stroma 
but did not lead to infection of endometrial epithelial cells (Fig. 3B, first column). Since 
it has been shown that adenoviruses can infect stromal and epithelial cells in vivo 
(11,34,45), we injected adenovirus expressing Cre into the uterus of cycling (n=2), 
pseudopregnant (n=1) and ovarectomized (n=1) mice as a positive control (Fig. 3B, 
second column). In ovarectomized mice we were indeed able to detect tdTomato-
positive epithelial cells but again there were many more positive stromal cells. We 
conclude that lentiviral and adenoviral intra-uterine injections strongly favour infection 
of stromal cells rather than epithelial cells, even in mice in which endometrial cycling 
was hormonally blocked (ovarectomy, pseudopregnancy) to prevent the loss of 
potentially infected epithelial cells.  
 
 
Intrauterine injection of MuLE viruses expressing shCdkn2a plus H-RasG12V 
causes sarcoma development 
Given the data obtained above, we reasoned that it might be possible to generate a 
mouse model of uterine sarcomas. Since MuLE lentiviruses can be used to model 
undifferentiated pleomorphic sarcomas in vivo (36), a tumour of mesenchymal origin 
(34), concentrated ecotropic MuLE lentiviruses which cause either Cdkn2a silencing 
together with activation of H-Ras or Pten or Trp53 silencing alone, were injected into 
the uterus of 4-week-old SCID/beige mice (Fig. 4A). Additionally, the MuLE vectors 
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carried a coding sequence for firefly luciferase in order to label infected cells and to 
trace tumour development over time. The injection of the shCdkn2a plus H-RasG12V 
expressing ecotropic MuLE lentivirus into the uterus of SCID/beige mice caused the 
development of high-grade endometrial stromal sarcomas (n=5) with 80% penetrance 
after less than two months (median overall survival 49 days) (Figure 4B, D, E). This 
process was monitored by an increase in luciferase expression over time (Figure 4C). 
Histologically, the tumours were highly cellular showing a diffuse growth pattern, 
delicate slit-like capillary network (Figure 4J, and extensive myometrial invasion. In 
addition, tumours were rapidly growing (Ki-67 proliferation fraction 10-50%, 
Supplementary Figure 1A) with high-grade cytologic atypia, resembling endometrial 
stromal sarcoma. Besides hemosiderin deposits (Supplementary Figure 1B), they 
stained positive for CYCLIN D1 (Figure 4G), diffusely positive for CD10 (Figure 4H) 
and VIMENTIN (Figure 4I) and negative for CD31 (Figure 4J), DESMIN (Figure 4K), 
MYOGENIN (Figure 4L) and a-SMA (Figure 4M). These cellular and molecular 
features are consistent with a diagnosis of high grade endometrial stromal sarcoma. 
 
The injection of this virus into immunocompetent mice, namely C57BL/6 mice, did not 
cause tumour development within 6 months after injection (data not shown). None of 
the other injected vectors expressing knockdown constructs for two of the most 
commonly altered genes in endometrial carcinoma patients, namely Pten or Trp53, 
were sufficient to cause any large increases in luciferase signal over time and to induce 
tumour formation within 6 months after injection (Fig. 4B). The development of 
endometrial stromal sarcoma by the injection of shCdkn2a plus H-RasG12V expressing 
ecotropic lentiviruses serves as a technical proof-of-principle that this approach can be 







In this study we employed a mouse genetic approach using the MuLE lentiviral gene 
regulatory system, (36)) to functionally test the ability of ecotropic lentiviruses to model 
epithelial and mesenchymal uterine malignancies ex vivo and in vivo. We discovered 
that MuLE lentiviruses efficiently infect uterine stromal cells but not endometrial 
epithelial cells when injected into the uterus of cycling, pseudopregnant or 
ovarectomized mice. Consistent with this cellular infection spectrum, we show that 
intra-uterine injection of ecotropic MuLE viruses expressing oncogenic H-RasG12V 
together with knockdown of Cdkn2a induce high-grade endometrial stromal sarcomas, 
establishing this approach as an efficient method of generating autochthonous mouse 
models of uterine sarcomas. 
 
A major problem in endometrial cell culture-based studies are contaminating stromal 
cells, which are a byproduct of the isolation. Long term cultures have been proven to 
be particularly challenging because of contaminating stromal cells overgrowing the 
culture. While epithelial cells loose their proliferative capacity during ongoing cultivation 
on plastic, stromal cells are more easily cultured long term (40). Furthermore, the 
propagation of epithelial cells is limited by the early onset of senescence. Others have 
observed that a Rho kinase inhibitor (ROCK), in combination with fibroblast feeder 
cells, induces epithelial cells from many tissues to proliferate indefinitely ex vivo, 
without the need to immortalise them (46,47). The culture of our pEECs with 
conditional reprogramming by feeder cells and ROCK inhibitor did not work for us. 
Despite some minor growth in culture, our cells displayed strong degenerative 
changes, such as giant intra-nuclear vacuoles, and did not survive the first passage in 
culture (data not shown).  
 
Since it has not been possible to expand and passage pEECs which retain lineage 
commitment and normal growth, we tried to generate immortalised cell lines through 
Trp53 tumour suppressor inactivation or H-Ras oncogene activation with the use of 
ecotropic lentiviruses. This approach did not work, possibly due to the fact that 
ecotropic lentiviruses seem to efficiently infect contaminating stromal cells. Others 
have observed that mucin, a glycoconjugate, inhibits the entry of lenti- and 
adenoviruses into epithelial cells. They identified that the inbition of transduction could 
be improved by pretreating either the cells or the virus with the glycolyse hydrolase 
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neuraminidase before infection (48,49). It would be worth testing in the future if the 
pretreatment of either ecotropic lentiviruses or pEECs with neuraminidase increases 
epithelial cell transduction.  
  
In vivo studies have shown that, when using adenoviral vectors, the infection efficiency 
entirely relied on the stage of the estrous cycle at the time of injection with best results 
occuring during late metestrous and diestrous stages of the estrous cycle (45). This is 
believed to be due to differences in mucus content and composition during the different 
phases of the estrous cycle, which influence virus entry. Furthermore, the estrous cycle 
in mice is only 4-6 days in length and continuous unless disrupted by pregnancy. 
During the estrous cycle apoptosis is increased tenfold in the luminar epithelium 
compared to other cell compartments (50). Even if epithelial cells were initially infected, 
the high rates of  apoptosis may lead to the rapid loss of these cells during the cycle. 
By the use of R26-lox-STOP-lox-tdTomato mice (41) as a reporter system to test 
cellular infection, we discovered that the injection of ecotropic lentiviruses expressing 
Cre into the uterus of cycling, pseudopregnant and ovarectomized mice induced 
tdTomato expression in various cell types except epithelial cells regardless of stage of 
the estrous cycle and the viral dose. In rodent cells a cationic amino acid transporter, 
termed CAT1, serves as the receptor for the envelope glycoprotein gp70 of ecotropic 
MMLV (51). In the endometrium CAT1 is expressed on the basal surface of the 
epithelial cells (52). Limited accessibility of CAT1 could be one possible reason why 
we were not able to infect epithelial cells in vivo. Additionally, we injected Cre-liposome 
complexes into the uterine lumen of pseudopregnant and ovarectomized mice but also 
with this approach we detected reporter gene activity only in stromal cells (data not 
shown).   
 
Only when we injected Cre-expressing adenoviruses in ovarectomized mice, we were 
able to see not only tdTomato-positive stromal cells but also very few positive epithelial 
cells. This confirmed the earlier observations that adenoviruses infect only few epithlial 
cells and many more stromal cells when injected in the uterus of lacZ reporter mice 
(11). The injection of an adenovirus expressing Cre into the uterus of Ptenfl/fl mice lead 
to Pten deletion in both stromal and epithelial cells, however this treatment caused 
endometrial carcinoma development, but none of the injected uteri exhibited stromal 
tumours. This indicates that the deletion of Pten in stromal cells does not offer an 
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advantage to the cells and therefore is not selected for (11). Our studies in which 
injected ecotropic MuLE lentiviruses expressing shPten failed to induce stromal 
tumours when injected into the uterine lumen of SCID/beige mice are consistent with 
these data.  
 
As proof-of-principle that ecotropic MuLE lentiviruses can be used to model stromal 
cell-derived tumours, discovered that the intrauterine injection of an ecotropic lentivirus 
expressing oncogenic H-Ras together with the knockdown of Cdkn2a was sufficient to 
initiate endometrial sarcoma formation in SCID/beige mice. This model is  
analagous to a similar aggressive uterine soft tissue sarcoma model that was 
previously generated through a Cre-loxP germline strategy. In this model, uterus-
specific deletion of Trp53 was combined with expression of a constitutively active form 
of K-Ras (34). The advantage of the MuLE system is that it is not dependent on the 
prior generation of germline-modified, Cre-regulatable mice and is therefore better 
suited to higher throughput testing of the pathological effects of different combination 
genetic alterations.  
 
In summary, we discovered that ecotropic MuLE lentiviruses are able to inefficiently 
transduce epithelial cells ex vivo although infection strongly favor stromal cells. The 
injection of ecotropic lentiviruses into the uterus of mice infected stromal cells but not 
epithelial cells regardless of stage of the estrous cycle. The MuLE system appears to 
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Figure 1. Establishment of a primary endometrial epithelial cell culturing system. (A)
pEECs stain positively for the epithelial cell markers E-CADHERIN, ß-CATENIN and
CYTOKERATIN-7 and negatively for the stromal cell marker VIMENTIN. Bright field image (10x)
scale bar: 50 µm, low magnification (20x) scale bar: 100 µm and high magnification (63x) scale
bar: 100 µm. (B) Supplementing BIE with 0.5% FCS promotes growth. BIE: basal medium
supplemented with insulin, EGF, transferrin und sodium selenite. Scale bar: 50 µm. (C) Adeno-
Cre-treated pEECs from Trp53fl/fl mice and pEECs infected with a lentivirus expressing a miR-30-
based shRNA against Trp53 were immortalised and could be expanded but lost epithelial










































































Figure 2. Lentiviral transduction of cultured uterine cells strongly favors stromal cells. (A)
Schematic diagram of Pax8-rtTA-mediated doxycycline-controlled Cre-expression in Pax8-rtTA;
LC1; ROSA26-lox-stop-lox tdTomato mice. (B) Doxycycline activates Cre-mediated
recombination in glandular und luminar epithelial cells in the endometrium shown by whole organ
imaging (left panel) and imaging of frozen histological sections (right panels). Scale bar: 100 µm.
(C) Bright field and fluorescence images 1, 4, 6, 11 and 25 days after the isolation of pEECs from
the uteri of doxycycline-treated Pax8-rtTA; LC1; ROSA26-lox-stop-lox tdTomato mice. pEECs
were infected on day 1 with ecotropic lentiviruses expressing either GFP or shCdkn2a plus H-
RasG12V and Luciferase. Scale bar: 50 µm. (D) Ability of shCdkn2a and H-RasG12V-transduced
cells to form tumours within 47 days in allograft experiments (visualised using luciferase imaging
in the left panel). Right panels show H&E and immunohistochemical stainings using the indicated













































Figure 3. Stromal cells are preferentially transduced by lentiviruses following in vivo
injection. (A) tdTomato fluorescence signal in the uterus following intrauterine injection of
ecotropic virus expressing Cre. (B) Intrauterine injection of ROSA26-lox-STOP-lox-tdTomato
mice with Cre-expressing lenti- and adenoviruses. Arrowheads indicate infected epithelial cells.




























shCdkn2a H-RasG12V LuciferaseU6 CMV PGK
miR30 Trp53 empty LuciferaseU6 CMV PGK
shPten empty LuciferaseU6 CMV PGK





















































































Figure 4. H-RasG12V expression plus knockdown of Cdkn2a causes high-grade endometrial
stromal sarcomas. (A) Schematic of MuLE vectors simultaneously expressing a combination of
shRNA against Cdkn2a plus expression of H-Ras or expressing shRNAs against Trp53 or Pten.
All vectors also expressed Luciferase. (B) Quantification (mean ± SD) of luciferase signal over
time. † Sacrifice of all mice in this group by this time point. (C) Bioluminescence imaging in two
mice 7, 22, 28, 34 and 42 days after the injection of MuLE lentiviruses expressing shRNA against
Cdkn2a together with H-RasG12V into the uterus of 6-8-week-old SCID/beige mice. Injected mice
developed tumours (n=5) with 80% penetrance. Median overall survival was 49 days. (D)
Bioluminescence imaging and photographs of tumour-bearing uterus. (E-M) H&E and
immunohistochemical stainings of tumours from two different mice using the indicated antibodies.





Supplementary Figure 1. Generation of high-grade endometrial stromal sarcomas. (A)
Uterine tumours show increased proliferation (Ki67 immunohistochemistry), (B) hemosiderin
deposition (Prussian blue staining), (C) absence of mucin inclusions (Alcian Blue PAS staining)


































2.2 Mouse genetic background dictates whether H-RasG12V expression plus 
Cdkn2a knockdown causes angiosarcoma or undifferentiated pleomorphic 
sarcoma 
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Soft tissue sarcomas are rare mesenchymal tumours accounting for 1% of adult 
malignancies and are fatal in approximately one third of patients. Two of the most 
aggressive and lethal forms of soft tissue sarcomas are angiosarcomas and 
undifferentiated pleomorphic sarcomas (UPS). To examine sarcoma-relevant 
molecular pathways, we employed a lentiviral gene regulatory system to attempt to 
generate in vivo models that reflect common molecular alterations of human 
angiosarcoma and UPS. Mice were systemically injected with MuLE lentiviruses 
expressing combinations of shRNA against Cdkn2a, Trp53, Tsc2 and Pten with or 
without expression of H-Ras, PIK3CA and c-Myc. The systemic injection of an 
ecotropic lentivirus expressing oncogenic H-Ras together with the knockdown of 
Cdkn2a or Trp53 was sufficient to initiate angiosarcoma and/or UPS development, 
providing a flexible system to generate autochthonous mouse models of these 
diseases. Unexpectedly, different mouse strains developed different types of sarcoma 
in response to identical genetic drivers, implicating genetic background as a major 






Soft tissue sarcomas are rare mesenchymal malignancies which account for 
approximately 1% of all cancers. The WHO has defined over 100 different soft tissue 
sarcoma subtypes named after the tissue that they most closely resemble (1). Based 
on molecular characteristics, soft tissue sarcomas can be divided in two categories: 
low-grade sarcomas with simple karyotypes, such as chromosomal translocations, and 
high-grade sarcomas with more complex genetic profiles, including TP53 mutation, 
CDKN2A deletion and MDM2 amplification (2-4). Genetically complex sarcomas are 
typically clinically more aggressive than karyotypically simple sarcomas.  
 
Undifferentiated pleomorphic sarcomas (UPS) account for approximately 5% of adult 
soft tissue sarcomas and represent one of the most common types of high-grade soft 
tissue sarcoma. Standard treatment options are surgical resection, radiotherapy, and 
chemotherapy, which only provide modest increases in the overall survial of these 
patients. Novel targeted treatments are needed. It is not clear whether UPS represents 
a group of de-differentiated sarcomas which share a common morphology but 
originated from different cell types or if all UPS tumours arise from a common cell of 
origin (5). The genetic alterations responsible for the development of UPS are also 
incompletely understood. TP53 alterations have been identified in 17% of human UPS 
(2) and CDKN2A loss seems to be an alternative to TP53 deletion (3). Despite the fact 
that p53 pathway inactivation is a common event in high-grade sarcomas, additional 
mutations are required for sarcomagenesis. HRAS and KRAS mutations have been 
identified in up to 50% of the human UPS tumours (6,7). Mouse studies have confirmed 
that the cooperation of oncogenic Kras and Trp53 or Cdkn2a deficiency resulted in the 
development of undifferentiated pleomorphic sarcomas in different tissues (8-11).  
 
A much less frequent but equally clinically aggressive subtype of high-grade soft tissue 
sarcomas are angiosarcomas. These tumours represent rare malignancies of 
endothelial differentiation that account for approximately 1% of all soft tissue 
sarcomas. Angiosarcomas show a wide anatomic distribution and arise spontaneously 
or secondarily to radiation, toxic chemicals (e.g. vinyl chloride) or chronic 
lymphoedema (Stewart-Treves syndrome). Treatment options are limited and the 
prognosis is poor (12). Genetic mutations and amplifications of VEGF, MDM2, TP53, 
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CDKN2A, KRAS and MYC have been described in angiosarcoma patients (13-16). 
MYC gene amplifications are commonly found in a subset of radiation-induced 
angiosarcomas (17). A recent publication reported that the majority of genetic 
alterations were found in the p53 and MAPK pathways. TP53 was mutated in 35% of 
the lesions and CDKN2A lost in 26%. 53% of angiosarcomas displayed MAPK pathway 
activation, and harboured genetic activating mutations in KRAS, HRAS, NRAS, BRAF, 
MAPK1 or inactivating mutations in NF1 and PTPRB1 (18,19). Several in vivo mouse 
studies showed the involvement of loss of function of the p53 tumour suppressor in 
angiosarcoma development (20-22). In addition, the in vivo deletion of Cdkn2a in mice 
lead to the development of lesions which recapitulate human angiosarcoma, however, 
only 30% of the mice displayed angiosarcomas within 100 days (23). Furthermore, 
alterations in the PI3K/AKT/mTOR pathway have been identified in a small percentage 
of patients (18,24,25) and deletion of Tsc1, a tumour suppressor that negatively 
regulates the pathway, induced the formation of hemangiosarcomas in mice (26). 
Another report showed that the in vivo deletion of Notch1 resulted in the development 
of hepatic angiosarcomas with a penetrance of 86% at 50 weeks after gene deletion 
(27), although genetic alterations in the Notch pathway, have not been reported in 
human angiosarcomas. Although these studies have been helpful in uncovering 
aspects of sarcomagenesis, there is limited understanding of the interactions between 
cooperating genetic alterations. 
 
In this study we employed a mouse genetic approach using the MuLE lentiviral gene 
regulatory system, (9)) to functionally test the contributions of different candidate driver 
oncogenes and tumour suppressor genes to the formation of angiosarcoma and UPS. 
Different mouse strains were injected intraveneously with ecotropic MuLE lentiviruses 
expressing combinations of shRNA against Cdkn2a, Trp53, Tsc2 and Pten with or 
without expression of H-Ras, PIK3CA and c-Myc. Tumour development was monitored 
by in vivo imaging. We successfully generated new models of angiosarcoma and of 
UPS based on oncogenic H-Ras expression in combination with knockdown of Cdkn2a 
or Trp53. Unexpectedly, different mouse strains developed different types of sarcoma 
in response to identical genetic drivers. 
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MATERIALS AND METHODS 
 
Mice 
SCID/beige mutant mice (C.B-17/CrHsd-PrkdcScidLystbg-J) and C57BL/6JRccHsd mice 
were obtained from Envigo. 129S2/SvPasOrlRj mice were obtained from Janvier Labs 
and Fox Chase CB17TM mice (C.BKa-lghb/lcrCrl) were obtained from Charles River 
Laboratories. All mouse experiments were approved by the Veterinary Office of the 
Canton of Zurich under the licence 137/2013. 
 
 
Generation of MuLE vectors 
The majority of the MuLE Entry and Destination vectors used in this study were 
previously described (9) and were recombined using MultiSite Gateway LR 2-fragment 
recombinations to generate the final viral constructs. New MuLE Entry vectors carrying 
7SK promotor-driven expression of shRNA against Tsc2 (Sigma, TRCN0000306244) 
and CMV promotor-driven expression of hemagglutinin (HA) tagged phosphoinositide 
3-kinase H1047R (HA-PIK3CA H1047R, Addgene 12524, deposited by Dr. Jean Zhao) 
were generated.  Ecotropic lentiviral vectors were produced by using calcium 
phosphate-mediated transfection of HEK293T cells and the viral preparation was 
concentrated as described previously (9). 
 
 
In vivo tumour formation assays 
10 ml/kg of concentrated ecotropic lentiviruses were injected through a 30G insulin 
syringe into the lateral tail vein of 4-6-week old mice. Noninvasive in vivo 
bioluminescence imaging was performed using the IVIS Spectrum (Perkin Elmer) 
together with the Living Image software (version 4.4). Mice were anaesthetized by 
using 2.5% isoflurane. During imaging, the isoflurane levels were reduced to 1.5%. All 
fluorescence measurements were performed in epi-fluorescence mode. For 
bioluminescence imaging, mice were injected subcutaneously with 150 mg/kg D-





Tumour-bearing organs were resected, fixed in 10% formalin, paraffin-embedded and 
cut in 5 µm thick sections. Immunohistochemical analysis was performed after antigen 
retrieval (5 min at 110°C in 0.1M citrate buffer pH6). The antibodies used in this study 
were anti-CD31 (1:200, ab28364, abcam), anti-DESMIN (1:100, D1033, Sigma-
Aldrich), anti-MYOD1 (1:100, M3512, Dako), anti-MYOGENIN (1:500, M3559, Dako), 
anti-alpha-SMA (1:5000, ab5694, abcam), anti-VIMENTIN (1:500, D21H3, Cell 





Expression of oncogenic H-RasG12V plus knockdown of Cdkn2a causes 
angiosarcoma development in SCID/beige mice 
To functionally test the contributions of different candidate driver oncogenes and 
tumour suppressor genes to the formation of angiosarcoma, we generated a panel of 
lentiviral vectors based on the MuLE system (Fig. 1A), to induce genetic alterations 
that reflect some of the most commonly found alterations of human angiosarcomas. 4-
6-week-old SCID/beige mice were intravenously injected via the tail vein with 
concentrated ecotropic MuLE lentiviruses expressing combinations of shRNA or 
shRNA-miR30 against Cdkn2a, Trp53, Tsc2 and Pten with or without expression of 
oncogenic H-RasG12V, oncogenic PIK3CAH1047R and c-Myc. Additionally, MuLE vectors 
carried an expression element for firefly luciferase in order to label infected cells and 
to trace tumour development in vivo over time. Western blotting and real time PCR 
assays of cultured cells infected with these vectors verified that they effectively induced 
the desired changes in gene expression (Supplementary Fig. S1). 
 
The intravenous injection of an ecotropic lentivirus expressing oncogenic H-RasG12V 
together with knockdown of Cdkn2a (n=21 of 32 injected mice) or Trp53 (n=2 of 4 
injected mice) in SCID/beige mice induced increases in luciferase signals over 4-8 
weeks (Fig. 1B). These signals were widely distributed in different organs throughout 
the body. One of three mice injected with a vector expressing only oncogenic H-
RasG12V developed signals in the brain approximately 6 months after injection, showing 
that loss of Cdkn2a / Trp53-governed tumour suppressor pathways accelerate H-Ras-
driven oncogenesis. None of the other viruses was sufficient to cause any large 
increases in luciferase signal within 6 months of injection, demonstrating that these 
combinations of genetic alterations are not oncogenic in this setting. 
 
Dissections of mice revealed that the increased luciferase signals corresponded to the 
presence of bloody-appearing tumours in different organs (Fig. 1C and D). shCdkn2a 
plus H-RasG12V-injected mice developed tumours faster and with a higher penetrance 
(median overall survival = 37 days, 66% penetrance) than shTrp53 plus H-RasG12V-
injected mice (median overall survival = 64 days , 50% penetrance). Therefore, we 
decided to focus on the shCdkn2a and H-RasG12V combination for all further 
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experiments. From 32 mice injected with shCdkn2a plus H-RasG12V MuLE vectors, 21 
mice developed a total of 24 tumours in various tissues including testicle (n=9, 38%), 
brain (n=7, 30%), spleen (n=2, 8%), uterus (n=2, 8%), ovary (n=1, 4%), lung (n=1, 4%), 
colon (n=1, 4%) and eye (n=1, 4%). Histological analysis of these tumours revealed 
poorly demarcated malignant neoplasms with hemorrhage and irregular, 
anastomosing vascular channels. Endothelial lining showed multilayering and 
intraluminal tufting with nuclear atypia, hyperchromasia, enlargement and irregularity 
(Supplementary Fig. S2A, arrowheads). Mitotic activity was variable and back-to-back 
vascular channels appeared sieve-like. Atypical cells were either spindled, epitheloid 
or mixed. There was more solid growth in more poorly differentiated areas. Intraluminal 
erythrocytes were a common feature as well as large areas filled with red blood cells. 
Positive immunoreactivity to antibodies against the endothelial cell marker proteins 
CD31 and von Willebrand Factor (vWF) confirmed the endothelial differentiation of the 
tumour cells. The lesions showed variable staining for VIMENTIN, DESMIN and 
SMOOTH MUSCLE ACTIN (SMA), ranging from an absence of staining to some 
tumours showing strong positivity. None of the tumours stained positively for the 
skeletal muscle markers MYOD1 and MYOGENIN (Fig. 2A, Supplementary Fig. S2B). 
Tumours that arose in Trp53 knockdown plus oncogenic H-RasG12V injected mice 
displayed an identical histological appearance and immunohistochemical staining 
profile to tumours in Cdkn2a knockdown plus oncogenic H-RasG12V injected mice (Fig. 
2B). In summary, these histological and molecular features are consistent with a 
diagnosis of angiosarcoma. We conclude that we have developed a rapid 
autochthonous mouse model of angiosarcoma that is trackable via live animal imaging 




Different immunocompetent mouse strains display different types of soft tissue 
sarcomas in response to expression of oncogenic H-RasG12V plus loss of Cdkn2a 
function  
To more accurately model the complexities of tumour development in humans it would 
be desirable to have tumour models that arise in immunocompetent mice. We therefore 
investigated whether similar tumours arose in response to intravenous injection of 
	 66 
shCdkn2a plus H-RasG12V MuLE vectors in the Fox Chase CB17, 129/Sv and C57BL/6 
mouse strains. 
 
Fox Chase CB17 mice carry the immunoglobulin heavy chain allele from C57BL/Ka 
mice on a BALB/c background. They serve as an ideal control for SCID/beige mice as 
they represent the identical genetic background but have a normal immune system. 
Within 4 weeks, 88% of Fox Chase CB17 mice (n=7) injected intraveneously with 
shCdkn2a plus H-RasG12V MuLE vectors developed angiosarcomas with comparable 
growth kinetics and histology to those which arise in SCID/beige mice (Supplementary 
Fig. S3A). The anatomic distribution of the tumours in Fox Chase CB17 mice was 
similar to the tumour distribution seen in SCID/beige mice and included brain (n=4, 
50%), testicle (n=3, 38%) and spleen (n=1, 12%) (Supplementary Fig. S3B). The 
tumours presented as bloody lesions and stained positively for CD31 and vWF by 
immunohistochemistry. Like the tumours in SCID/beige mice, these tumours also 
showed variable staining for VIMENTIN, DESMIN and SMA as well as an absence of 
staining for MYOD1 and MYOGENIN (Supplementary Fig. S3C). These experiments 
demonstrate that a competent immune system does not affect tumour formation and 
provide a new autochthonous angiosarcoma model in an immunocompetent 
background.  
 
To investigate sarcoma formation in mouse backgrounds that are more commonly 
utilised for biomedical research we next employed 129/Sv mice. Intraveneous 
injections of shCdkn2a plus H-RasG12V MuLE viruses in 129/Sv mice (n=8) caused a 
strong luciferase signal increase and the development of multiple tumours with 100% 
penetrance within 4 weeks (Fig. 3A and B, Supplementary Fig. S4A). Bloody-
appearing tumours were observed in testicles of 75% of male mice (n=3) and in uteri 
(n=2) and ovaries (n=2) of 50% of female mice. 25% of mice carried lesions in the 
spleen (n=2), and 13% in lung (n=1) and brain (n=1), similar to results in SCID/beige 
mice. However, all female mice (n=4) additionally developed subcutaneous tumours 
(n=5) that were located in the head and neck region and close to the vagina. These 
tumours were solid and white in appearance (Fig. 3C, last column). Neither the sub-
cutaneous location, nor this gross morphological appearance were ever seen in 
tumours in SCID/beige or Fox Chase CB17 mice. While all of the bloody-appearing 
tumours exhibited an identical histological appearance and pattern of immunoreactivity 
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similar to those arising in SCID/beige mice (Fig. 3C, Supplementary Fig. S4B), 
classifying them as angiosarcomas, the subcutaneous tumours exhibited a completely 
different histology and immunohistochemical staining profile. These tumours contained 
cells with rhabdoid features; i.e., large polygonal cells with gigantic bizarre nuclei 
(Supplementary Fig. S5A; arrowheads), abundant deeply eosinophilic cytoplasm in a 
tadpole- or racquet shape, and growing in a storiform pattern. Nuclei displayed high 
mitotic indices, irregular nuclear membranes, and eosinophilic cytoplasmic inclusions. 
These tumours showed necrotic regions, acute inflammatory responses and were 
highly invasive, infiltrating surrounding tissues including muscle and fat 
(Supplementary Fig. S5A, arrows). These tumours were immunoreactive for the 
common mesenchymal marker VIMENTIN, but did not stain for any lineage markers 
including CD31, vWF, DESMIN, SMA, MYOD1 or MYOGENIN (Fig. 3C, last column). 
We, therefore, concluded that these tumours are high-grade undifferentiated 
pleomorphic sarcomas (UPS). Thus, 129/Sv mice develop both angiosarcomas and 
UPS in response to the same oncogenic stimulus.  
 
To further investigate the effect of genetic background on tumour formation, we 
injected C57BL/6 mice with shCdkn2a plus H-RasG12V MuLE lentiviruses. Within 4-8 
weeks of injection both male and female C57BL/6 mice showed large increases in 
luciferase signal and developed subcutaneous lesions with 92% penetrance (Fig. 4A 
and B). Tumours (n=12) that developed in C57BL/6 mice were solid and white in 
appearance like those seen in female 129/Sv mice. They were subcutaneous and 
located either in the head and neck area, lower leg or at the junction of the tail and 
spine. These tumours exhbited an identical histological appearance to the UPS 
tumours that arose in 129/Sv mice (Supplementary Fig. S5B). These tumours similarly 
showed an absence of staining for all tested markers, except VIMENTIN (Fig. 4C). 
Based on these results we conclude that shCdkn2a plus H-RasG12V causes solely high-










Major hurdles in studying sarcoma pathologies are the relative rarities of the human 
diseases and the absence for many sarcoma subtypes of good pre-clinical models. 
Here, we used the MuLE lentiviral gene regulatory system (9) to investigate the 
molecular genetics underlying the pathogenesis of two types of soft tissue sarcomas, 
namely angiosarcoma and UPS. The MuLE system allows the direct introduction of 
multiple genetic alterations in somatic cells in vivo by lentiviral injection. Bypassing 
germline transgenic approaches has benefits in terms of time and costs and offers 
flexibility in terms of the strains of mice that can be used for the experiments, allowing 
comparisons between different genetic backgrounds. Guided by the genetics of human 
angiosarcomas and UPS tumours, we functionally tested the contributions of the 
candidate sarcoma tumour suppressors Cdkn2a, Trp53, Tsc2 and Pten and the 
candidate oncogenes H-Ras, PIK3CA and c-Myc. We discovered that the systemic 
injection of ecotropic lentiviruses expressing oncogenic H-Ras together with the 
knockdown of Cdkn2a or Trp53 was sufficient to initiate angiosarcoma formation in 
multiple organs in SCID/beige mice. shCdkn2a plus H-RasG12V MuLE viruses also 
induced angiosarcoma formation in Fox Chase CB17 and 129/Sv mice, but surprisingly 
additionally caused UPS development in 129/Sv mice and only UPS development in 
C57/BL6 mice. These observations are consistent with the fact that RAS-MAPK and 
p53 pathway alterations are frequently found in high-grade soft tissue sarcomas, such 
as angiosarcomas and UPS (2,3,6,7,18). Our experimental approach therefore 
accurately models at least some of the genetic subsets of these human tumours.  
 
Genetic cooperation between RAS pathway activation and loss of Cdkn2a tumour 
suppressor function has also been shown in other mouse models of sarcomas. 
Intramuscular injection of Adeno-Cre in the leg of loxP-STOP-loxP-K-
RasG12D/+;Cdkn2afl/fl mice caused UPS development (8,10) and we have previously 
shown that intramuscular injection of the same shCdkn2a plus H-RasG12V or shTrp53 
plus H-RasG12V MuLE lentiviruses that were used in this study caused the 
developement of high-grade UPS (9). It is noteworthy that injection of these viruses 
into skeletal muscle in SCID-beige mice caused UPS (9) but intravenous injection 
caused angiosarcoma, whereas in C57/BL6 mice both modes of injection caused UPS 
formation (9). Thus, our data demonstrate that the same combination of genetic drivers 
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can cause different types of tumours based not only on the delivery method, likely due 
to infection of different cell types, but also based on the genetic background of the 
mouse strain. These observations highlight the fact that also in humans the genetic 
background of every individual may potentially influence the outcome of oncogenic 
mutations in terms of what type of sarcoma develops and further emphasise the need 
to consider tumours at the molecular level rather than at the level of histo-pathological 
appearance when thinking about the development and clinical application of new 
molecularly-targeted sarcoma therapies. 
 
In summary, these new experimental models will facilitate future pre-clinical studies for 
establishing new therapeutic interventions for these aggressive malignancies. While it 
is somewhat surprising that the other tested candidate tumour suppressors and 
oncogenes were not sufficient to cause tumour formation, given their frequent 
mutational alteration in human angiosarcomas and UPS, the flexible nature of the 
MuLE system should also allow the testing of other candidate oncogenes, modifier 
genes or tumour suppressor genes that will likely continue to emerge from ongoing 
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shCdkn2a H-RasG12V LuciferaseU6 CMV PGK
miR30 Trp53 H-RasG12V LuciferaseU6 CMV PGK
miR30 Trp53 c-Myc LuciferaseU6 CMV PGK
miR30 Trp53 shPten LuciferaseU6 U6 PGK
miR30 Trp53 PIK3CAH1047R LuciferaseU6 CMV PGK
H-RasG12V c-Myc LuciferaseCMV CMV PGK
shCdkn2a shTsc2 LuciferaseU6 7SK PGK
shCdkn2a empty LuciferaseU6 CMV PGK
miR30 Trp53 empty LuciferaseU6 CMV PGK
shPten empty LuciferaseU6 CMV PGK
shTsc2 empty Luciferase7SK CMV PGK
ns shRNA H-RasG12V LuciferaseU6 CMV PGK
ns shRNA c-Myc LuciferaseU6 CMV PGK
ns shRNA PIK3CAH1047R LuciferaseU6 CMV PGK
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shCdkn2a + H-RasG12V shTrp53 + H-RasG12V
Brain Testicle Spleen                             Ovary Ovary
Figure 1. H-RasG12V expression plus knockdown of Cdkn2a or Trp53 causes angiosarcomas in
SCID/beige mice. (A) Schematic of MuLE vectors simultaneously expressing combinations of
shRNAs against Cdkn2a, Trp53, Pten and Tsc2 with or without expression of H-Ras, c-Myc and
PIK3CA and a Luciferase reporter. (B) Bioluminescence imaging 4, 11, 20, 28 and 36 days after the
injection of MuLE lentiviruses expressing a shRNA against Cdkn2a together with H-RasG12V into the
tail vein of 4-6-week-old SCID/beige. Numbers of mice that developed tumours and total number of
injected mice are shown for each construct. (C) Bioluminescence imaging and (D) photographs
showing examples of tumour-bearing organs from shCdkn2a plus H-RasG12V and shTrp53 plus H-





















































shCdkn2a + H-RasG12V shTrp53 + H-RasG12V
Figure 2. Histological andmolecular characterisation of angiosarcomas.
H&E and immunohistochemical stainings using the indicated antibodies of tumours derived from the
systemic injection of (A) shCdkn2a plus H-RasG12V and (B) shTrp53 plus H-RasG12V viruses. Low













































































































Figure 3. H-RasG12V expression plus knockdown of Cdkn2a causes angiosarcomas and
undifferentiated pleomorphic sarcomas in 129Sv mice. (A) Bioluminescence imaging 5, 13, 20,
26 and 33 days after the injection of MuLE lentiviruses expressing a shRNA against Cdkn2a together
with H-RasG12V into the tail vein of 4-6-week-old 129/Sv mice. (B) Bioluminescence imaging showing
examples of tumour-bearing organs.. (C) H&E and immunohistochemical stainings using the







































































































Figure 4. H-RasG12V expression plus knockdown of Cdkn2a causes undifferentiated
pleomorphic sarcomas in C57Bl/6 mice. (A) Bioluminescence imaging 8, 15, 30 and 36 days after
the injection of MuLE lentiviruses expressing a shRNA against Cdkn2a together with H-RasG12V into
the tail vein of 4-6-week-old C57Bl/6mice. (B) Bioluminescence imaging showing examples of a
subcutaneous tumour prior to (left) and after (right) resection.. (C) H&E and immunohistochemical














































































































































































































Supplementary Figure 1. Validation of MuLE vectors by western blot and real time PCR
analysis. (A-C) Western blots of primary endothelial cells from the spleen (pMSECs) transduced
with the indicated lentiviruses. (D) Relative gene expression of PIK3CA and Trp53 in pMSECs

























































shCdkn2a + H-RasG12V – SCID/beige
Supplementary Figure 2. Additional information
related to Figure 1 and Figure 2.
(A) High magnification images of H&E stained tumour
sections derived from the systemic injection of shCdkn2a
plus H-RasG12V viruses in SCID/beige mice. Arrowheads
indicate atypical nuclei. Scale bar: 100 µm. (B) H&E and
immunohistochemical stainings of additional tumours
derived from the systemic injection of shCdkn2a plus H-
RasG12V viruses. Low magnification scale bar: 1000 µm
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Supplementary Figure 3. H-RasG12V expression plus knockdown of Cdkn2a causes angiosarcomas
in Fox Chase CB17 mice. (A) Bioluminescence imaging 5, 13, 20 and 26 days after the injection of
MuLE lentiviruses expressing a shRNA against Cdkn2a together with H-RasG12V into the tail vein of 4-6-
week-old Fox Chase CB17 mice. (B) Bioluminescence imaging showing examples of tumour-bearing
organs.. (C) H&E and immunohistochemical stainings using the indicated antibodies. Low magnification
scale bar: 1000 µm and high magnification scale bar: 100 µm.
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Supplementary Figure 4. Additional
information related to Figure 3.
(A) Bioluminescence imaging showing
examples of tumour-bearing organs.. (B)
H&E and immunohistochemical stainings
using the indicated antibodies. Low
magnification scale bar: 1000 µm and















shCdkn2a + H-RasG12V - 129/Sv
Subcutaneous – Head Subcutaneous – Vagina
shCdkn2a + H-RasG12V - C57BL/6
Subcutaneous – Leg    Subcutaneous – Neck
A
B
Supplementary Figure 5. High grade, locally invasive undifferentiated pleomorphic
sarcomas form in 129/Sv andC57BL/6 mice.
High magnification images of H&E stained tumour sections derived from the intraveneous
injection of shCdkn2a plus H-RasG12V viruses in (A) 129/Sv mice and (B) C57BL/6 mice.
Arrowheads indicate atypical nuclei and arrows indicate entrapped muscle fibers. Images decipt
tumour invasion into the surrounding muscle or fat tissue. Scale bar: 100 µm.
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2.3 Results - Molecularly targeted therapies for angiosarcoma treatment 
 
2.3.1 Generation and characterisation of genetically-defined angiosarcoma cell 
lines 
To complement the described in vivo studies with in vitro tumour modelling studies we 
aimed to generate panels of genetically-defined transformed angiosarcoma cell lines. 
Since we discovered that the combination of H-RasG12V and shCdkn2a or shTrp53 is 
sufficient to initiate angiosarcoma development in vivo, we decided to generate 
genetically-defined angiosarcoma cell lines which reflect these changes. A disease-
relevant cell type, namely primary murine endothelial cells from the spleen (pMSECs), 
were transduced with ecotropic lentiviruses expressing combinations of shRNA 
against Cdkn2a or shRNA-miR30 against Trp53 with or without expression of H-
RasG12V and puromycin resistance (Fig. 2.3.1A). Western blot analysis of cultured cells 
infected with these vectors verified that they effectively induced the desired changes 
in gene expression (Chapter 2.2, Supplementary Fig. 1).  
 
pMSECs transduced with shCdkn2a and shTrp53 alone, as well as oncogenic H-Ras 
plus shCdkn2a or shTrp53 showed an increased proliferation rate compared to wild 
type pMSECs. H-RasG12V transduced pMSECs showed similar growth kinetics to wild 
type cells (Fig. 2.3.1B). This observation is consistent with the fact that the expression 
of oncogenic Ras in some types of primary cells causes permanent G1 arrest and that 
the cooperation of another oncogene or the inactivation of tumour suppresors, such as 
p53 or p16 is required for oncogenic transformation (245).  
 
To further investigate cancer-relevant aspects of cellular behaviour, we tested the 
capacity of these cells to grow in an anchorage independent manner, a common 
characteristic of transformed primary cells or of tumour cell lines. Cells were seeded 
at low density in cell culture dishes with a hydrophobic surface, which minimizes cell 
attachment. All the different cell lines were unable to form spheroids (data not shown), 
showing that they do not have anchorage-independent proliferation capacity. 
 
We next studied the tumour-forming capacity of shCdkn2a plus H-RasG12V transduced 
cells. 1x106 pMSECs (wild type and shCdkn2a plus H-RasG12V) were subcutaneously 
	 83 
injected in immunodeficient SCID/beige. Within 31 days the mice developed blood-
filled lesions (Fig. 2.3.1C). To our surprise, both wild type and shCdkn2a plus 
oncogenic H-Ras expressing cells were able to form these lesions. The lesions were 
comprised of malignant CD31-positive endothelial cells with atypical nuclei growing 
either as single layers of cells or in papillary projections. The injected cells apparently 
have the capacity to co-opt or integrate into local blood vessels, resulting in large, 
blood-filled vascular structures.  Based on the fact that wild type pMSECs showed 
tumour-initiating properties without the need of oncogene activation or tumour 





shCdkn2a H-RasG12V PuromycinU6 CMV PGK
miR30 Trp53 H-RasG12V PuromycinU6 CMV PGK
shCdkn2a empty PuromycinU6 CMV PGK
miR30 Trp53 empty PuromycinU6 CMV PGK
ns shRNA H-RasG12V PuromycinU6 CMV PGK
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Figure 2.3.1. Generation and characterisation of genetically-defined angiosarcoma cell
lines. (A) Schematic of MuLE vectors simultaneously expressing combinations of shRNAs
against Cdkn2a and Trp53 with or without expression of H-RasG12V and puromycin resistance.
(B) Growth analysis after 1, 3, 5 and 7 days of pMSECs transduced with the afore-mentioned
lentiviral vectors. (C) Growth of cells as tumour xenografts and images of tumors derived from
WT and shCdkn2a plus H-RasG12V transduced pMSECs. Low magnification scale bar: 1000 µm
and high magnification scale bar: 100 µm.
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2.3.2 Cytotoxicity screening of a panel of a kinase inhibitor library  
Several clinical trials are testing therapeutic agents directed against signalling 
molecules which are frequently altered in human angiosarcomas. A significant 
disadvantage of these trials however, is that almost without exception, they are not 
being coupled to the analysis of the underlying molecular alterations in each individual 
patient. Therefore, we aimed to test the cytotoxic effects of 273 kinase inhibitors, which 
target a broad range of kinases, on the previously established Cdkn2a silenced and 
activated H-Ras-expressing endothelial cell line with the idea that we might be able to 
uncover therapeutic sensitivities that are dependent on the defined genetics of each 
cell line. Wild type, oncogenic H-Ras, shCdkn2a and shCdkn2a plus oncogenic H-Ras 
transduced pMSECs were seeded in 96 well plates and chronically treated with a 1µM 
concentration of the library inhibitors for 96 hours. The SRB assay was used for cell 
density determination. The percentage of cell growth inhibition was calculated by 
comparing the values of inhibitor-treated cells to untreated cells. 
 
41 drugs reduced growth to 30% or less compared to control cell growth of shCdkn2a 
plus H-RasG12V transduced pMSECs (Fig. 2.3.2). The most commonly targeted 
pathway was the PI3K/mTOR signalling network. Inhibitors targeting this pathway 
significantly reduced protein content in both shCdkn2a driven cell lines while they had 
minimal effects on the protein content of wild type and H-RasG12V expressing cell lines.  
Additionally, the screen revealed that cells expressing oncogenic H-Ras together with 
the knockdown of Cdkn2a are highly sensitive to CHK1 pathway inhibitors. To further 
determine whether the introduced genetic changes of our mutant H-Ras and shCdkn2a 
expressing cell line influence the response to the drugs, we performed drug-response 
analysis with selected inhibitors. Inhibitors which reduced growth to at least 23% 
compared to untreated control and which specifically targeted our oncogenic H-Ras 






2.3.3 Drug-response analysis of selected PI3K and CHK1 inhibitors 
Inhibitors targeting PI3K, Aurora A kinase and CHK1 were used for more detailed 
dose-response analyses. We selected the four CHK1 inhibitors LY2603618, AZD7762, 
CHIR-124 and PF477736, the three PI3K inhibitors NVP-BEZ235, PIK-75 and PI-103 
and the Aurora A kinase inhibitor I. pMSECs expressing combinations of shRNA 
against Cdkn2a with or without expression of H-RasG12V were chronically treated with 




Torin 1 40 8 25 10 mTOR 100
Torin 2 44 11 40 10 mTOR 90
INK 128 (MLN0128) 28 8 29 11 mTOR 80
AZD8055 31 13 37 11 mTOR 70
IMD 0354 40 12 35 12 IKK-2 60
GSK2126458 47 15 43 12 mTOR/PI3K 50
Dinaciclib (SCH727965) 34 10 27 12 CDK1/2/5/9 40
BEZ235 (NVP-BEZ235) 37 11 30 13 mTOR/PI3K 30
GSK1059615 56 13 48 14 mTOR/PI3K 20
PIK-75 67 18 47 14 PI3K 10
LDN193189 30 13 35 14 ALK2/3 (BMP receptors) 5
PI-103 53 17 52 15 PI3K
Flavopiridol HCl 35 14 34 15 CDK1/2/4/6
SP600125 47 18 29 16 JNK1/2/3
PKI-402 48 11 37 16 mTOR/PI3K
PF-04691502 47 13 44 17 mTOR/PI3K
AZD2014 44 13 31 17 mTOR
PF-05212384 (PKI-587) 37 10 26 17 mTOR/PI3K
WYE-125132 31 10 33 17 mTOR
NVP-BGT226 45 9 21 18 mTOR/PI3K
CHIR-124 57 43 49 18 CHK1
Ponatinib (AP24534) 46 27 51 19 FGFR/Bcl-Abl
GDC-0980 (RG7422) 45 15 29 19 mTOR/PI3K
Aurora A Inhibitor I 68 37 52 21 AURORA A
AZ 960 55 29 38 22 JAK2
BKM120 (NVP-BKM120) 51 17 42 22 PI3K
BI 2536 50 35 38 23 PLK1
AZD7762 61 40 65 23 CHK1
Dasatinib (BMS-354825) 69 28 58 23 SRC
WYE-687 41 25 43 23 mTOR
Triciribine (Triciribine phosphate) 40 69 43 23 AKT
PP242 56 15 58 24 mTOR
LY2603618 (IC-83) 79 72 62 24 CHK1
WAY-600 39 36 43 24 mTOR
BI6727 (Volasertib) 50 32 37 25 PLK1
WYE-354 48 29 53 27 mTOR
TAK-733 67 53 57 28 MEK1/2
AZD8330 64 48 48 28 MEK1/2
ZSTK474 61 34 66 29 PI3K
KX2-391 37 25 48 30 SRC
PP-121 68 23 50 30 PI3K
Figure 2.3.2. Cytotoxicity screening of a panel of 273 different kinase inhibitors using
genetically-defined endothelial cell lines. RTK inhibitor screening against pMSECs expressing
combinations of shRNA against Cdkn2a with or without expression of H-RasG12V using the SRB
assay in a 96 well format. Heat map of 41 drugs which reduced growth to 30% or less compared
to control cell growth of shCdkn2a plus H-RasG12V transduced pMSECs: 10 mTOR inhibitors, 8
mTOR/PI3K inhibitors, 4 PI3K inhibitors, 3 CHK1 inhibitors, 2 CDK inhibitors, 2 SRC inhibitors, 2
PLK1 inhibitors, 2 MEK1/2 inhibitors, 1 IKK-2 inhibitor, 1 ALK2/2 inhibitor, 1 JNK inhibitor, 1
FGFR inhibitor, 1 Aurora A kinase inhibitor, 1 JAK2 inhibitor and 1 AKT inhibitor.
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cell density determination. The percentage of cell growth inhibition was calculated by 
comparing the values of compound-treated cells to untreated cells. For IC50 
determination, a dose-response curve was plotted between the inhibitor concentration 
and percent growth inhibition. IC50 values were derived using a curve-fitting method. 
These analyses revealed that the different cell lines were sensitive to all the tested 
PI3K inhibitors (Fig. 2.3.3A-C). The sensitivity ranged from an IC50 of 28 nM (NVP-
BEZ235, Fig. 2.3.3A) to 100 nM (PIK-75, Fig. 2.3.3B). Furthermore, we observed a 
broad range of sensitivity to the tested CHK1 inhibitors from sensitive (IC50 0.1µM, 
AZD7762, Fig. 2.3.4B) to less sensitive (IC50 4.5 µM, PF477736, Fig. 2.3.4D). 
However, drug-response analyses revealed that there was no clear tendency for the 
cells with H-Ras and Cdkn2a gene alterations to be more sensitive to the inhibitors 
than those with wild type genes. The tested compounds inhibited endothelial cell 
proliferation independently of the introduced genetic changes and are therefore not 
suitable for the treatment of H-Ras-driven sarcomagenesis.  
 
Since single-agent treatment failed to show efficacy in our model we tested the 
inhibitory effect of the combination of two CHK1 inhibitors, LY2603618 and CHIR-124 
(Fig. 5A and B), as well as LY2603618 plus the PI3K inhibitor PIK-75 (Fig. 2.3.5C and 
D). We treated the cells with varying concentrations of one inhibitor in the presence of 
a fixed concentration of the second inhibitor. The fixed concentration was based on the 
IC50 value of shCdkn2a plus H-Ras
G12V expressing cells from the dose-response 
analysis of the single agents. We did not observe an increased tendency for the cells 
with H-Ras and Cdkn2a gene alterations to be more sensitive to the inhibitors than 
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Aurora A Inhibitor I
WT, IC50 = 1.6µM 
shCdkn2a, IC50 = 1.6µM
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Figure 2.3.3. Dose-response analysis of three selected PI3K inhibitors, namely NVP-BEZ235,
PIK-75 and PI-103 and the Aurora A kinase inhibitor I against endothelial cell lines expressing
combinations of shRNA against Cdkn2a with or without expression of H-RasG12V using the SRB






























WT, IC50 = 4.4µM
shCdkn2a, IC50 = 2.7µM
H-Ras, IC50 = 2.4µM
shCdkn2a+H-Ras, IC50 = 1µM
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H-Ras, IC50 = 0.2µM
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WT, IC50 = 0.6µM
shCdkn2a, IC50 = 1.5µM
H-Ras, IC50 = 0.4µM
shCdkn2a+H-Ras, IC50 = 0.2µM

























shCdkn2a+H-Ras, IC50 = 4.5µM
Figure 2.3.4. Dose-response analysis of four selected CHK1 inhibitors, namely LY2603618,
AZD7762, CHIR-124 and PF477736 against endothelial cell lines expressing combinations of










Figure 2.3.5. Dose-response analysis of drug combinations: Two CHK1 inhibitor LY2603618
and CHIR-124 as well as LY2603618 and the PI3K inhibitor PIK-75 against endothelial cell lines
expressing combinations of shRNA against Cdkn2a with or without expression of H-RasG12V
using the SRB assay in a 96 well format.









































































































2.3.4 In vivo drug testing 
Taking advantage of our monitorable, genetically-defined shRNA-Cdkn2a plus 
H-RasG12V driven angisarcoma mouse model which incorporates some of the known 
driver mutations and pathways involved in sarcomagenesis, we asked whether this 
model could be used for the identification and testing of appropriate therapies specific 
for these combinatorial mutations. We decided to test two inbitors targeting the MAPK 
and PI3K signalling pathways. AZD6244 (Selumetinib) is an orally bioavailable small 
molecule that inhibits MEK1/2, preventing the activation of MEK1/2-dependent effector 
proteins and transcription factors (246) and NVP-BEZ235 is a dual PI3K/mTOR 
inhibitor which spefically blocks the dysregulated activation of the PI3K/mTOR pathway 
and thereby induces G1 arrest (247).  
 
We intraveneously injected SCID/beige mice with shCdkn2a plus oncogenic H-Ras 
expressing lentiviruses. Once the lesions reached a bioluminescence signal intensity 
of 1010 p/s (approximately 14-28 days), mice were treated daily with either vehicle, 50 
mg/kg AZD6244 or 35 mg/kg NVP-BEZ235. These doses have been described to be 
therapeutically effective in a lung cancer mouse model driven by activation of H-RAS 
and PIK3CA (248). Mice were sacrificed when they reached a bioluminescence signal 
intesity of > 1012 p/s (Fig. 2.3.6A). 
 
We found that chronic dosing with 50 mg/kg/d AZD6244 or 35 mg/kg/d NVP-BEZ235 
did not inhibit tumour growth in our model. Median survival of vehicle-treated animals 
was 33 days (vehicle for NVP-BEZ235) and 39 days (vehicle for AZD6244) and 
compound treatment failed to enhance the survival (NVP-BEZ235 = 33 days and 
AZD6244 = 39 days) (Fig. 2.3.6B and C). Furthermore, four out of six NVP-BEZ235-
treated mice had to be sacrificed due to a blocked up gastrointestinal tract. Tumour-
bearing organs from the different drug-treated cohorts were harvested for histological 
and immunohistochemical assessment of PI3K-mTOR (p-S6 and p-4E-BP1) and RAS-
MAPK (p-ERK) pathway activation. No differences between vehicle and inhibitor-
treated animals were observed (Fig. 2.3.6D).  We conclude that these therapeutic 

































Figure 2.3.6. In vivo drug testing. (A) Schematic of treatment plan. (B and C) Overall survival
of shCdkn2a plus H-RasG12V injected SCID/beige mice treated with NVP-BEZ235 (B) and
AZD6244 (C). (D) H&E and immunohistochemical stainings using the indicated antibodies. Scale
bar: 100 µm.
In vivo imaging until signal
reaches intensity of 1010 p/s
In vivo imaging (2x per week)
day 0 day 14-28
Tail vein injection Start of daily drug treatment
of ecotropic lentivirus (oral gavage)












































2.3.5 Methods - Molecularly targeted therapies for angiosarcoma treatment 
 
2.3.5.1 Primary endothelial cell culture 
C57BL/6 mouse primary spleen endothelial cells (pMSECs, C57-6057, Cell Biologics) 
were cultured according to the instructions of the supplier in complete mouse 
endothelial cell medium (M1168, Cell Biologics) in a humidified 5% (v/v) CO2 incubator 
(Nuaire) at 37 °C.  
 
 
2.3.5.2 Cell transduction 
Endothelial cells were transduced with lentiviral vectors in the presence of polybrene 
(Hexadimethrine bromide, 107689, Sigma-Aldrich) (4 µg/mgl) at a density of 50%. 48h 
after lentiviral infection puromycin (ANT-PR-1, InvivoGen) (4 µg/mgl) was added to the 
cells. Treatment was continued until all the control cells were dead.  
 
 
2.3.5.3 Proliferation assay 
pMSECs were seeded at a density of 2000 cells per well in 96 well plates and 
analysed after 1, 3, 5 and 7 days using the SRB assay (249) and the Infinite® 200 
PRO microplate reader (Tecan). Every experiment was performed in triplicates. 
 
 
2.3.5.4 Drug screening  
Cells were seeded at a density of 2000 cells per well in 96 well plates. 48h after the 
seeding cells were treated with 1 µM of the kinase inhibitor screening library (L1200, 
Selleckchem) for 96h. Medium and inhibitor were changed every day with the BIOMEK 
FXP liquid handling workstation (Beckman Coulter). After completion of the drug 
exposure, plates were analysed using the sulforhodamine B (SRB) colorimetric assay 
and Infinite® 200 PRO microplate reader (Tecan). The relative protein content in each 
well was determined and normalized to an untreated control.  
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2.3.5.5 Drug-response analysis 
Cells were seeded at a density of 2000 cells per well in 96 well plates. 48h after the 
seeding cells were treated with varying concentrations (0.1 nM, 1 nM, 5 nM, 10 nM, 
50 nM, 0.1 µM, 0.5 µM, 1 µM, 5 µM and 10 µM) of the different kinase inhibitors for 
96h. After completion of the drug exposure, plates were analysed using the SRB assay 
and Infinite® 200 PRO microplate reader (Tecan). The relative protein content in each 
well was determined and normalized to an untreated control.  
Inhibitors used were Aurora A Inhibitor I (S1451, Selleckchem), AZD7762 (S1532, 
Selleckchem), CHIR-124 (S2683, Selleckchem), LY2603618 (S2626, Selleckchem), 
NVP-BEZ235 (S1009, Selleckchem), PF477736 (S2904, Selleckchem), PI-103 
(S1038, Selleckchem) and PIK-75 (S1205, Selleckchem), all dissolved in dimethyl 
sulfoxide (DMSO) (D1435, Sigma Aldrich). Final DMSO concentration was kept at 
0.1% in control and inhibitor-treated cells. 
 
 
2.3.5.6 In vivo drug testing 
10 ml/kg of concentrated ecotropic lentiviruses were injected through a 30G insulin 
syringe into the lateral tail vein of 4-6-week old mice. Noninvasive in vivo 
bioluminescence imaging was performed using the IVIS Spectrum (Perkin Elmer) 
together with the Living Image software (version 4.4). Once the lesions reached a 
bioluminescence signal intensity of 1010 p/s, 6 mice in each of the cohorts were treated 
via oral gavage with either vehicle, 50 mg/kg/d AZD6244 or 35mg/kg/d NVP-BEZ235. 
AZD6244 (S1008, Selleckchem) was dissolved in 0.5% Methylcellulose (M0512, 
Sigma Aldrich)/ 0.2% Tween-80 (P8074, Sigma Aldrich) in H2O. The final working 
concentration was 30 mg/ml. NVP-BEZ235 (S1009, Selleckchem) was dissolved in 
NMP (32864, Sigma Aldrich)/Polyethylene glycol 300 (202398, Sigma Aldrich) (10/90, 
v/v). Solutions (5mg/ml) were prepared freshly every day. Mice weight was measured 
daily and tumour burden was measured twice a week by in vivo bioluminescence 
imaging. Endpoint criteria were a bioluminescence signal intesity of > 1012 p/s, 






Tumour-bearing organs were resected, fixed in 10% formalin, paraffin-embedded and 
cut in 5 µm thick sections. Immunohistochemical analysis was performed after antigen 
retrieval (5 min at 110°C in 0.1M citrate buffer pH6). The antibodies used in this study 
were anti-CD31 (1:200, ab28364, abcam), anti-phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) (1:1000, 9101S, Cell Signaling), anti-phospho-S6 ribosomal protein 
(Ser240/244) (1:1000, 2215S, Cell Signaling) and anti-phospho-4E-BP1 (Thr37/46) 






2.4 Results - In vivo CRISPR/Cas9-mediated gene mutation using MuLE vectors 
Recent publications have illustrated the power of the CRISPR/Cas9 system for in vivo 
tumour engineering studies (241,250-252). Furthermore, we have demonstrated that 
CRISPR/Cas9 genome engineering is compatible with the MuLE system. A 
tetracistronic MuLE vector expressing sgRNA against Cdkn2a, expressing H-RasG12V, 
human Cas9 and puromycin resistance has been validated in in vitro tumour modelling 
studies (242). Additionally, we have shown that the combination of H-RasG12V and 
shRNA against Cdkn2a is sufficient to initiate angiosarcoma development in vivo. To 
test the potential of CRISPR/Cas9-mediated gene knockout for in vivo tumour 
engineering, 4-6-week-old SCID/beige mice were intravenously injected via the tail 
vein with concentrated ecotropic MuLE lentiviruses expressing sgRNA against 
Cdkn2a, expressing hCas9, H-RasG12V and a Luciferase reporter (Fig. 2.4.1A). The 
injection of this vector in the tail vein of male mice (n=2) induced increases in luciferase 
signals over 6 months (Fig. 2.4.1B). None of the injected female mice (n=3) showed 
any large increases in luciferase signal over time. Dissection of male mice revealed 
that the increased luciferase signals corresponded to the presence of bloody-
appearing lesions in the testicles (Fig. 2.4.1C). Histological analysis of these lesions 
revealed a disrupted tissue architecture and malignant cells with atypical nuclei as well 
as large areas filled with red blood cells (Fig. 2.4.1D). To investigate whether the 
sgRNA induced efficient mutation of the Cdkn2a target gene, we performed a Surveyor 
assay (Fig. 2.4.1E). The abscence of cleaved products indicates no mutation of the 
targeted locus. Since we could not detect any cleaved product and the fact that only 
two out of five mice developed signals approximately 6 months after injection, it is likely 
that additional mutations have been acquired by the tumour-forming cells over time 













































































Figure 2.4.1. In vivo CRISPR/Cas9-mediated gene mutation using MuLE vectors. (A)
Schematic of MuLE vector simultaneously expressing sgRNA against Cdkn2a, hCas9, H-RasG12V
and a Luciferase reporter. (B) Bioluminescence imaging 13, 27, 85, 139 and 161 days after the
injection of the afore-mentioned MuLE lentiviruse into the tail vein of 4-6-week-old SCID/beige.
(C) Bioluminescence imaging of Lesion-bearing testicles. (D) Lesions showed large blood-filled
spaces as well as a disrupted tissue architecture. Low magnification scale bar: 1000 µm and high
magnification scale bar: 100 µm. (E) PCRs of the Cdkn2a locus targeted by the sgRNA were
reannealed and subjected to Surveyor nuclease digestion. The abscence of cleaved products





2.4.1 Methods - In vivo CRISPR/Cas9-mediated gene mutation using MuLE 
vectors 
	
2.4.1.1 Surveyor nuclease assay 
Genomic DNA was isolated from formalin-fixed paraffin-embedded tissues using the 
Arcturus® PicoPure® DNA extraction kit (KIT0103, ThermoFisher Scientific). PCRs for 
Surveyor assays were run using 20 ng genomic DNA, 0.5 µL 10mM dNTP mix (R0192, 
Fermentas), 2.5 µL 10x High Fidelity Buffer with 15mM MgCl2, 0.4 µL High Fidelity 
Enzyme Mix (04738250001, Roche) and 0.75 µL mix of forward (Cdkn2a Exon 2 
CTGATGATGATGGGCAACGT) and reverse primer (Cdkn2a Exon 2 reverse 
TGCTTGAGCTGAAGCTATGC) (10 mM) in a 25 µL reaction. 35 cycles of 94 °C 15sec, 
55 °C 30 sec, 72 °C 45 sec were performed. The size of the amplified product was 
334bp. 15 µL of the PCR product was used for formation of heteroduplexes and 7 µL 
of this was subjected to Surveyor nuclease digestion (Surveyor® Mutation Detection 
Kit, 706020, Integrated DNA Technologies) and analysed on a 1.5% (w/v) agarose gel 
in TAE buffer (40 mM Tris (pH 7.6), 20 mM acetic acid and 1 mM EDTA). BenchTop 







3.1 Genetic background dictates whether H-RasG12V expression plus Cdkn2a 
knockdown causes angiosarcoma or undifferentiated pleomorphic sarcoma 
The genomic characterization of soft tissue sarcomas revealed large numbers of 
genetic alterations in this cancer type. Although, this information is very useful for 
cancer research, there is still need for functional genetics to determine which of the 
alterations drive sarcomagenesis. The development of new in vitro and in vivo sarcoma 
models will help us to understand this complex process and the identification of driving 
mutations can increase our chances to develop more successful targeted therapies. 
 
To examine sarcoma-relevant molecular pathways, we employed the MuLE lentiviral 
gene regulatory system (242) to attempt to generate in vivo models that reflect 
common molecular alterations of human angiosarcoma and UPS. The MuLE system 
allows the direct introduction of multiple genetic alterations in somatic cells in vivo by 
lentiviral injection. Guided by the genetics of human angiosarcomas, we functionally 
tested the contributions of the candidate sarcoma tumour suppressors Cdkn2a, Trp53, 
Tsc2 and Pten and the candidate oncogenes H-Ras, PIK3CA and c-Myc. We 
discovered that the systemic injection of an ecotropic lentivirus expressing oncogenic 
H-Ras together with the knockdown of Cdkn2a or Trp53 was sufficient to initiate 
angiosarcoma and/or UPS development. Unexpectedly, different mouse strains 
developed different types of sarcoma in response to identical genetic drivers, 
implicating genetic background as a major contributor to the genesis and spectrum of 
sarcomas.  
 
Despite the fact that all mouse strains carry the same collection of genes, some factors 
such as allelic variants, sequence differences, epigenetic modifications and gene 
expression levels can influence a particular phenotype (253). Indeed, identical genetic 
alterations can result in different phenotypes when present in different mouse strain 
backgrounds. One example is the heterozygous in vivo inactivation of Tsc1 in different 
mouse strains. Heterozygous Tsc1 inactivation in BALB/c mice caused renal cell 
carcinoma development after 15-18 months (254), while it lead to post-natal death of 
unknown cause in C57BL/6 mice. Others showed that the incidence of mammary 
tumours varies among strains heterozygous for Trp53, with C57BL/6 mice being 
	 99 
resistant and BALB/c mice being susceptible (255,256). Both of these examples are 
due to the fact that BALB/c mice carry a rare allelic variant of Cdkn2a that leads to 
compromised p16 activity. This causes an increased susceptibility to develop certain 
tumours (257,258).  
 
While angiosarcomas are thought to arise from endothelial cells, it is not clear whether 
UPS represent a group of de-differentiated sarcomas which share a common 
morphology but originated from different cell types or if all UPS tumours arise from a 
common cell of origin (40). It is rather unlikely that the tumours which developed in 
129/Sv and C57BL/6 mice are de-differentiated angiosarcomas, because they all 
locate subcutaneously while none of the angiosarcomas which were found in 129/Sv, 
Fox Chase CB17 and SCID/beige mice were subcutaneous. 
 
Adult mesenchymal stem cells (MSCs) have been proposed as the cell of origin of 
human UPS and bone marrow represents the main source of MSCs (42,259-261). It 
has been shown that the overexpression of K-Ras in cultured MSCs isolated from the 
bone marrow of Trp53 knockout C57BL/6 mice lead to the transformation of these cells 
in vitro. Moreover, transformed, primary adult murine bone marrow-derived MSCs 
transplanted subcutaneously in nude mice, model UPS in these mice (262). We have 
shown that ecotropic MuLE lentiviruses can infect a variety of cultured primary cells, 
including mouse embryonic stem cells (242) and although bone marrow represents the 
main source of MSCs, peripheral blood-derived MSCs also exist in low numbers (263). 
Hence one hypothesis could be that we infected MSCs in the peripheral blood with the 
injected MuLE lentiviruses which then gave rise to UPS in 129/Sv and C57BL/6 mice.  
 
Overall, our data demonstrate that the same combination of genetic drivers can cause 
different histological subtypes of soft tissue sarcomas. These observations highlight 
the importance of identifying the underlying molecular alterations of the tumour. As 
new therapies are developed, some will be applicable to any cancer, such as 
chemotherapeutic agents and radiotherapy, but in general it would be desirable to be 
able to treat tumours according to their underlying genetics rather than their histo-
pathalogical appearance (12).  
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3.2 Characterisation of genetically-defined angiosarcoma cell lines 
To complement the above-described in vivo studies with in vitro tumour modelling 
studies, we generated a panel of angiosarcoma cell lines expressing combinations of 
shRNA against Cdkn2a or shRNA-miR30 against Trp53 with or without expression of 
H-RasG12V. Unexpectedly, wild type endothelial cells had the capacity to form blood-
filled lesions in subcutaneous xenograft experiments.  
 
It is known that the isolation of primary endothelial cells from their natural environment 
and propagation in cell culture can cause the loss of site-specific determinants on 
endothelial cell surfaces and thereby impair their physiological function (264). 
However, the fact that supposedly wild type endothelial cells provided by Cell Biologics 
possess tumour-initiating properties is alarming. It is known that primary endothelial 
cells that are maintained in culture for prolonged time can harbor aberrant 
chromosomes (265) and chromosomal instability can accelerate the accumulation of 
molecular alterations which might promote malignant transformation and tumour 
progression (266).  
 
Based on the fact that wild type pMSECs showed tumour-initiating properties without 
the need of oncogene activation or tumour suppressor inactivation and the fact that 
most of the volume of the lesions was blood, which makes quantitative studies difficult, 
we decided to not continue with this alternative research strategy.  
 
 
3.3 In vivo and in vitro testing of targeted therapies   
Several clinical trials are testing therapeutic agents directed against signalling 
molecules that are frequently altered in human angiosarcomas. A significant 
disadvantage of these trials however, is that almost without exception, they are not 
being coupled to the analysis of the underlying molecular alterations in each individual 
patient. Therefore, we tested the therapeutic effects of a panel of 273 kinase inhibitors, 
which target a broad range of protein kinases, on the previously established Cdkn2a 
silenced and activated H-Ras-expressing endothelial cell line with the idea that we 
might be able to uncover therapeutic sensitivities that are dependent on the defined 
genetics of each cell line. The initial screen revealed that cells expressing oncogenic 
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H-Ras together with the knockdown of Cdkn2a were sensitive to mTOR/PI3K pathway 
inhibitors as well as CHK1 pathway inhibitors when compared to wild type cells. 
However, more detailed drug-response analyses revealed that there was no clear 
tendency for the cells with H-Ras and Cdkn2a gene alterations to be more sensitive to 
the inhibitors than those with wild type genes. One reason for this could be the slightly 
different experimental set up of the initial large drug screen, which was performed with 
the help of an automated liquid handling system, and the drug-response analysis, 
which was performed manually. While the automated system changed the media and 
the inhibitor every day for three days, the media plus inhibitor was only added once at 
the beginning of the manually performed drug-response analysis and then kept for 
three days. The observed differences in sensitivity between the automated screen and 
the manually performed drug-response analysis could be due to a different adherence 
of the cell lines. It is possible that shCdkna and H-RasG12V infected endothelial cells 
are less adherent than wild type cells and more prone to be lost during media change. 
Additional experiments would be needed to confirm this assumption. 
 
We also tried to take advantage of our genetically-defined shRNA-Cdkn2a plus H-
RasG12V driven angiosarcoma mouse model which incorporates some of the known 
driver mutations and pathways involved in sarcomagenesis, by asking whether this 
model could be used for the identification and testing of appropriate therapies specific 
for these combinatorial mutations. We decided to test two inhibitors targeting the 
MAPK and PI3K signalling pathways, namely the MEK inhibitor AZD6244 and the dual 
PI3K/mTOR inhibitor NVP-BEZ235. Unfortunately, no differences between vehicle and 
inhibitor-treated animals were observed. We concluded that these therapeutic regimes 
are not likely to be suitable for the treatment of Ras-driven human angiosarcomas. 
 
One difficulty in targeting the PI3K/mTOR signalling pathway via kinase inhibition is 
that one tumour may express multiple receptors and growth factors, and PI3K may 
also be activated by MAPK signalling. Furthermore, the blockade of the PI3K 
downstream effector mTOR often leads to an unanticipated increase in PI3K and AKT 
activity (267). This feedback mechanism may be one reason for the poor response 
rates in cancer treatment to mTOR inhibitors. The largest phase II clinical study of 
mTOR inhibitors in metastatic and unresectable soft tissue sarcomas showed only a 
2% response rate (268). Due to limited single-agent activity of PI3K, AKT and mTOR 
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at tolerated doses and to prevent unanticipated feedback loops, newer developed 
agents include dual PI3K and mTOR or MEK inhibitors (269). Up to date MEK and 
PI3K inhibitors have not yet shown significant clinical activity in Ras-driven cancers, 
for reasons related to feedback loops and poor therapeutic windows. Through a greater 
focus on the underlying genetic alterations and strategic application of rational 
combinations, it should be possible to maximize the potential of this promising new 
generation of targeted cancer agents. 
 
MuLE vectors can carry an expression element for firefly luciferase in order to label 
infected cells and to trace tumour development in vivo over time via bioluminescence 
imaging. An issue with bioluminescence imaging is the wavelength-dependent 
transmission of light through animal tissues. There is an approximate tenfold loss of 
photon intensity for each centimeter of tissue depth. Moreover, images are surface 
weighted, which means that light sources closer to the surface of the animal appear 
brighter compared with deeper sources because of tissue attenuation properties (270).  
Since angiosarcomas in this model can arise anywhere in the body and due to 
significant mouse to mouse variability, the accurate temporal tracking of tumour 
progression and the quantitation of the tumour burden is difficult.  
	
Overall our experiments show that the MuLE system can be used to establish a rapidly 
growing angiosarcoma mouse model that reflects the human disease. Furthermore, 
these studies provide proof-of-principle that the MuLE system can be used in the future 
for other genetic studies to systematically assess the contributions of other soft tissue 
sarcoma relevant genes to cellular transformation, tumour formation and progression. 
However, the accurate temporal tracking of tumour progression is difficult, which might 
be an obstacle for the screening of targeted therapies.  
 
 
3.4 Limitations of the MuLE system 
We have shown that the use of the MuLE system to combine different genetic elements 
represents a tool that facilitates systematic combinatorial genetic studies in 
mammalian cells. Furthermore, we have previously shown that ecotropic MuLE 
lentiviruses are able to transduce a wide variety of cell types in vitro and that we were 
able to establish in vivo models for three different tumour types, namely angiosarcoma, 
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UPS and high-grade endometrial stromal sarcoma (242). However, one real practical 
limitation of the MuLE system is that so far we were unable to provide proof that the 
MuLE system can not only be used to model sarcomas but also carcinomas in vivo.  
 
Due to significant biosafety advantages, we decided to use lentiviruses pseudotyped 
with an ecotropic envelope protein from the Moloney murine leukemia virus (MMLV) 
(244). While ecotropic viruses can only infect rodent cells, amphotropic viral particles 
can infect most mammalian cells, including human cells. Their host range is 
determined primarily by the binding interaction between viral envelope surface 
glycoproteins and distinct proteins on the host cell surface that serve as viral receptors 
(271). In rodent cells a cationic amino acid transporter, termed CAT1, serves as the 
receptor for the envelope glycoprotein gp70 of ecotropic MMLV (272). CAT1 is 
expressed in epithelial cells in various tissues, including the endometrium. In the 
endometrium CAT1 is expressed on the basal surface of the epithelial cells (273). 
Limited accessibility of CAT1 could be one possible reason why we were not able to 
infect epithelial cells in vivo. Furthermore, others have observed that mucin, a 
glycoconjugate, inhibits the entry of lenti- and adenoviruses into epithelial cells. They 
identified that the inhibition of infection could be improved by pretreating either the cells 
or the virus with the glycolyse hydrolase neuraminidase before infection (274,275). It 
would be worth testing if the pre-treatment of ecotropic lentiviruses with neuraminidase 
increases epithelial cell infection in vivo.  
 
Nonetheless, the experiments performed during this doctoral thesis demonstrate the 
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